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The problem of _bal~ncing. an assembly -line has. been . facilitated by 
a number· of analytic meth~cils fpr ·whi~h- computer programs are available •. '1 ........ -,,'f' . 
. 1,,. 
' <!1 
. ( . The majority of such techniquea accept __ only deterministic values .as 
. ,.' 
',.'. h 
' • i 
,I 
• 
the element time~ of the · oper~~ions • . As such, the t,;chnic(ues 1.gnore 
' 
. : 
I. 
. ., .,. 
-··· 
a very real_ condition· existing {.n, the indu~trial environment, 
. 
' _, ;;) 
. 
namely,-
opera'tion·time vari.anceo ·one ·t~chn~que is av_ail~ble which will include J '"""' .... • • • • • 
•• ·--···~· ---··-···· .. ;; -·--~ '-· 
. portions. of .the variance associated ·with the ope·ration times in deter--
mi'ning. the ass~gnment of operati'o.ns to work stations_ .. . i' " 
r'~ ........ The feasibility of .using the<'variabl~ element time balancing . 
. ;. 
algorithm was investigated_ iri. reference to the task of se_t~ing up. an 
cJ/· 
a,,ssembly ·1i,ne- type operation f·or the reconditioning . of' unit~ .. which 
·"' .. , ... 1:: .. ... .. 
. 
•I 
. 
, , 
·are disassembled, repaired, ... and returned to ;inventory and subsequent ~ ' . ·' .. _,. r_._.----1, . 
-use 1• . The vari~bili'ty of. o.peration times i.s introd~~ed thr~ugh .. the •-1__ , •. 
. ,q_. 
t.asks ·wbicb comprise the operations. Many.· suc~.:-~aslts·_.are e~ecut,·ed 
. ' . OJllY wh~_I.,l. ~_'1efect is discovered and must be repaired. .Qtherw~se, · 
' 
' \ the task is ·not performed and the job· prog,resses to the next.· sequenc~ -
"'~ 
-~, 
_of tasks. 'l\vo actual r~conditioning process~s·were utilized during 
the course of the investigati,on. 
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The results of the iJ;1ve_stiga:tion .indicated that the technique 
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is~satisfied and the in-process queues 
the pbysical limi,tations 
Ther~fore, the design 
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process 
of 
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are within tolerable limits 
the p_roduction facility. 
the balancing a·lgori thm 
' \. 
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solution exclusively in setting up a line tQ_, recondition the· items 
in question. The balance solution does not provide adequate informa-. 
•, 
.tion" to evaluate whether the lin~ netwo·rk sati_sfies all design. cri teri:,a 
.. 
and si11.1ulation·must be '!lttempted to fbrni-sb the necessary "performance 0 '---;-·-
statistics. 
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I In assembly line manufactu~e, the total process is ·divided '\~nto 
-
" two or .more stages ;each conSisting of a· series, of· operations which 
' 
·consume. approximately the sanie amount .. :of 
'\ 
' 
'.- J • c) 
• 
time a.t each stagee ·.!fhe 
. . .· . . i'' . . ( ' 
stages in. the· man11f acturing. process- .are 
'' .. ~ 
r 
- . 
referred to as work stat,ions 
. ·and the operations in each ~tage can. be_.performe~ repetitively by the 
" 
s~e ope~ator. ~- The . units of . prodqct,- _a:r;e mov~~4. ·f~m .Q_~~; :::;:~at ion to . ,. ~~-i 
.· "' . . . . -'~-- . '' ____ -:--• ---·- . ........ . .. . 
;/ the next throt1:gh -the complete -sequenc_e of .work stations~."_·.· 
(..;,- : 
. ·~- '., 
_,." ~SS~J,llb}y· li~e. techniqu~fs~re\:_p.ften· Used. for other processes Which • • l - _.- .. ~ ' ........ -. ' ·• 
·•: < ,· 
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. 
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. .ii·. 
. . 
are not· strictly: ~las·sified: as ··assembly. manufacture. Such a process .. . 
-~~~-----------,..J __ ,----'~~\-0-. ~. ~~~~--~. -~ 
·- ~ f} a:.,. 
_Q> i's the ·reconditioning of equipment· which must be· disassembled,-: re.:. . ·. . \ 
' l •· 
. pa.1red, and 1···reassembled. - Th~ volume ;,of sue~· activity and the. charac- ., 
" -·_ teristics of the '·reconditioning process lend· .t,pemselves to the as-
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·. Normally each operation is performe·d_.tepeti-tively- on· each unit·l,r, 
. . . 
· o·f product processed ·by· an i~;ssembly lin_e. However, -th~- reconditioning 
'I- - ·,-~···" ·,·, -· •-: 
. . 
. / ~~. I ,' • 
. / 
. 
' 
and ·repair p.rocess does not include all operirtions on· all unit~s. This 
' \.... 
. -fac-t .complicates the. determination of the op~r,ttions to ,be incltided· 
' 
·- ,t, • 
·.• 
.. ; 
- ... .,.~ .. - ,_ 
at-"each---work station o ,. -·. 
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·, 
. .. ·""·-- .. --- ··•·'-• 
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The occurrence of a def~ct, which, triggers the- r~p~i~ p.~oces~ ;-~~--- .•. I'. :,-_ ... __ .. ____  
1 
· ·. i-s • a random occur.rence ·which cannot- be ascert"ained prior to .dis~S- _i 'i,; 
' 
... -·-·-·····"· .. ---··· ... -- ............. . ......... •. _ .... :: .... .:. .. ' \ 
·r·• 
sembly and inspection of the iteni;at th·e wo'rk s·tat'ion. . .,... . . 
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. Ii 
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The randomness · · __  
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precludes ·any attempt-s to sequence items processed by the line. 
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A . literature search i"ndicated · that·· no. research has been reported Co ,, ' 
' ' on this pa,rticular problemo 
' /. ·. 
., 
_: ... --~ --- ---- --:;: 
. '1'i 
,, ' 
·-----~'1r 
,';/-. 
· I Objectives -_· 
I_. 
,;, f 
The pr.imary objectiv.e· -of .. thi·s study will be to 'in_vestigate the 
. , 
. [ .. .- . r---· \I • • ~ 
•• • 
.... 
ieasib~.litly·- ·of using co1!1puterized line. .,balancing algorit~s to or-. ' 
· ganize a ·line. designe_d- to recon~i t,ion i terns o The problem under· in-
I i ·_I 
I, 
I 
I 
i 
1_:, 
' J I . 
.. - ------ .. ---· 
vestigat ion differs from normal line _·b~tancing .problems in the as~ ''' 
,4 
" 
' .. -~ 
' ' 
~--· 
... , 
, . 
-·-, {i 
, , I -
~.i 
, , I 
I• ir-
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pec :t that-' .ea.ch define,d, work element is· not ~per~orme~ 100% of -the. time: 
" . . . - . : . . . . . . . . . . . . . . . . 
. . . . : . . I 
. The characteristic differen<;:e· of less than 100% execut·ion of ,.many· · :- ,C · . (•,· ' '· ' 
' 
" ., 
. 
_,,,,_ . 
"'1--·i 
f', • 
'I of the work efement); c~mprising the .wor~ co11te1rt·of a work station 
.P ' . 1 
. ' ) introduces,. a factor,,of variabil,ity Which is normally .not present· in ,/! 
' ,·. 
--
Several methods of incorporat;ing. the va·ri-
6u ·. 
:,ance element into thf' ·line balancing technique will be an-alyzed ·.1/ 
. > 
-· ' . 
' . 
. r. 
' i '' ' . ' 
·_us;.:ng two actual· reconditioning applications. 'J:pe inadequacies :of 
. .., ' 
G 
- ~ 
, - 1· • present algorithms ancL-heuristics in relation· to the ·-problem undetr/' ~,-
-
·discussio:d will be enumerated. 
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" As"sociated objectives invo.lve the es·tablis·hment_ of gtildel,ines : ...... -- .. .,,.... -~ 
· e.l, ~ ' 
to'- assist further at~empt s. in the design of similar lines using· l.ine'°' .. . _:.: ' ~ . ',· .' 
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palancing .techniques •. 
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·_ SWIUJlary of. the Problem . 
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·-t~onsider----a reconditioning,_ ta_sk comprising· -a maximQ.m of k wo;rk 
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· elements. '.f~E? ~th work \e!E!JIIE!ll_t C:! ::: 1, k) requires an ~verage time· 
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. --. t 1 for· its "execut-ion. _ The work element time.~ nQrmally are subj-ec~ 
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II~. GENERAL ·LINE 'BALANCING PROBLEM . 
Rel~ted De'finitions an~d Notat,ion 
. 
. Before embarking upon a· ·general discussion of the ·· 1ine balancing 
: .... .. ·,.).:.::-: 
. pr9blem, _pertinent d·efinition's _.and .. notation wi.ll be presented to fa-· 
. h 
· cilitate the foliowing discussion,~~, .. 
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Cyc·1e_ Time -
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··./. . .__ . 
· - the amount of .. tiine a unit -is~availab.le to an 
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operator (the time between success:tv~ eompletiqns 
of units) ID. In the case .of const~nt work ~le-
ment times (the·deterministic case) .the cycle. 
----~--- .,,-·.. 
. tiipe ~~·.; a· corrstant o In:. the probabilistic case 
~- ~ . 
t}?.e __ cycle time may be a random variabl~ as will 
~· 
··~· be discussed.later. 
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· d Work element 
- a- minimum feasib_le subdivision· of the work con-. I· 
·:--~_:,__ ___ ' . '. . <. ·-
" ·' ·. tent of the total ·reconditioning process G. 
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Work stations - ·a c'ombination of work elements that must ·be· 
-·· -- ·· perfor~ed serially forms a, "work station''. 
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· Blocking · ; 
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.·- ·Et station is sa'ld to be .blocke~ if work- on··t·he 
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. and no ayailable space; for in-process inventory 
exists, or if the operator pas.ses an iten_i to 
the next station. but;ca~not ·receive a piece 
since the preceding~station is bu~y apd 1,no . . ....... l 
. .. .. . -,. 
---~yailable invento;ry exists from whic·h to-·draw' 
an item. 
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• items located between work stat.ions to lessen 
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Notation 
,,. 
(i = 1, k)- .,.. = means that • has values .-1, 2, 3, .•. ,··k. 1 I·· 
,,,, ... ,.,,.· 
d 
-
-· the greatest 
J1 . 
integer equal· to or less~1than d. 
= · ~he smallest integer equal to or greater ·than d~ 
k 
t. 1 '. 
t, C 
max·· 
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-
._._.,.. 
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the number of work elem~nts in the-'--reconditioning 
task. .. .. 
,. 
~the time of the ith work element 
LI· 
. . . 
the lar~est 'Value df ti,. (i 1, k) · , .. 
' ' 
, 
1
=· · · the total_ work content in the reconditioning task · · 
'(in this ca_se it is a random v!ariabl.e) 0° 
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the number of stations (hence the number of· 
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the operating. ~ycle time for·· N stations-: •. 
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-...... " Conside,rable effort has been expended in· deriving a.solution to·. 
· the assembly lin·e balancing problem15 D The bulk of the work· has~ 
~ 
concentrated. -in solution.techniques for the deterministic m~del, 
. . 
· that ·is, the model in which thw wo·rk element times are considered 
constanto This ~odel, '·,While · clearly d.ef ined, addre.sses only one part, 
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·of the- total line balanci~g .. prQ.J)lem that is faced by .engine~rs in , · · 
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·.their· attempts to de.sign assembly lines. 
Recently, e·ffort has··sh1fted to a new·variation of·· the old pro-• 
•J··. ·r. 't"·<-· •. , .. 
blem. The revised_ model considers v~riab.le element times27 and is 
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referred to as the, pro1:>abilistic model or the variable work element -.-
.. time ·1ine b,alallc·ing .prob.iem.· · · 
. ., . - . . .. 
. Freeman and Jucke_r4 present .. '.a .. min.im~ ·set of ·decisions which 
J . ___ ,,, .................... ___ ,,., 
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must be made for the design of any assembly line • 
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" . 1... How are work elements io be assigned to work -stations? 
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·2. · ... Should provision- for. inventory between -work ·stat.ions 
'· (buffer inventory) be all<:>we'ij? If it shoµld·, . how· much? · · 
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3.lJ).ount of. time C (cycle t-fme), (enforce·d cycle time). 
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b. Line ope~ated as a series queue •. -That~-~-is, wo-rk passes · 
b ( - . 
freely· from work· station to work station as··long as no 
·blocking.occurs. 
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line, thereby creating a variable station time with 
... ,v, 
--·--·-··--·--·-possible dependencies between stations and/or items 
(depending upon l_ine . design) • 
4. · Parallel work station(s)? · That is, it may ·be possible to 
increase output· or· reduce ·t·he ·numbe·r · o·f · work· stations re-
.... . 
"I> +1 
' qui)d on a -1ine by paralleling (duplicating) 'certain work 
. stations. 
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5. What ··cycle time should be employed?·_ 
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). The overall objective of -line balancing is to.effect a-desired-. . 
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• pr<>d'Qction r_~te.at .a minimum cost. Each of.the ibove·4'decisions has 
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· line balancing problem make_ some of them implicltiy. . A brief di-s-"--~--:--.-.,..-...--:-'-~-
',.-, -\···. 
.-----·--·-·--· ·-~-···- _. ---. ---·,--_-·-cussion of· each model will. follow. 
I, Classical Deterministic Line Balancing Problem · 
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j.,..: 
., - (·. 
3. The <;lesired cycle time is not exceeded. , .. · ~ 
.! • .. 
.. 
-· . 
I) . 
. . 
ii . 
.. / .. 
'"'·> '' . ,_.",· 
. "' . ·' 
. , . ·, I • . ""I" 
. ' 
_., 
,-./" 
,,J• 
-;;· . 
- ~ ..... ' . . 
., . .I. 
,· '. '. \ . . ~-· .... 'f . ' i: .. 
I; 
' 
-=-----· 
·-----
. -- ... .,-,., 
• 
\· . ·. 
', ' . 
.~ 
~ 
:,,- .!~r,.,...... . .,~.-· ;.........,..._~ 
- ' 
,i .. 
.. ., 
' .. ..- ' 
t!J. .. 
' . 
,, . 
. h 
' . " 
. 6 
.. 
;·, "'· ,J 0 
·.\ 
11 
. " . 
?~~~"'I ,:. 
.,--:....--~1 
•·' 
' . 
\ \J• 
The desired cy~le ·time is required as input for· the· determinis-
~ 
,, 
,t 
.. 
, tic model· and· thus decision 5 is a constant for any execution. of. the 
'j ~----
balallci~g technique when, in fact, it · shoul4 be a decision variab.le o 
- '••• - ,.r ~ • 
... 
A11 of the existing algorithms implic.itly· ma;ke ·decisions 2,3, 
. \ 
. 
and ·4. It has been shown for the·· deterministic model that buffer tr 
inventory·· will not impro.ve system performance.·. Decision ·3 is re-. . . . 
. . 
~J . . . . 
. 
. . . \\ , . 
. fl..ectetj. in the c·hoice-of cycle time c, .that .is, the· ·11ne w~ll''cycie 
-~ '. ,, . 
.· every c units of .time. The maJority of the algorithms do· not allow· 
• • -~1 
1 . 
for the· possibi1i ty of .,parallel. work stations, and .thus de.c-ision 
4 has· also been made.· L .. 
·1·, 
-
.Balancing the __ !~~~ ·to cycle times -in the neig~borhood of t.he 
de sired cyc.!~~_im~> and examining···· the cost as.sociated with . each · 
balance should· help· to decide what cycle. time is desirable. · ~ ·•· ! 
... The preceding discussion, illustrates two shortcomings of the 
, . 
.· .... _ _. .. --··--·----------- ·--determliii st ic tec~ique_s:. 
I 1.' '~. · 
. l,.. The ·model does not explic.itly help .the designer to de~ 
. 
·2. The existing algorithms for solving this probl~nt de ·. not · 
" 
··~~- -"~·~=--·_c:allow for the· p<>ssibility of par-allelin~ wo .. rk stations 
. } 
- ~· 
. ,.·' 
~~ ., .. ,~,1. --'=-' = 
?' .. 
. I 
-(One ~own e:Xception exiSts. A private eomt(any has modi-
. ,' 
. 
. . i 9 
,: ;. • 4 
. ,_fied a. published alg9ri thm tQ perm.it para:(leling.). 
-.,-.: . - .'.;... ... . 
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PrC>babilistic Line Balancing Problem 
· Given: 
. . 
··-~=··I •. · :-A desired cycle· time-, (output. rate). 
2. . ·work elem~nt t.imes that are random variables with· 
known ·probabil,i,ty di~tributions. 
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,-3. Precedence .. co'nstraints on ·the ordering of the work elements. 
,":l 
Objecfive: -···- . ..r·~~- ·.· ..,.···-~-----...... - ... ~---··----.. -- ----- ···-.-·=·;r,~,--- ·-" --· ' . . 
'. 
To find an assignment of work ·elements to work stations that 
' 
. . ,:- · .. minimizes total· cost .per unit of product subject to at least the : : ,- I I . , I.',·' .- t , , , •; ,' ·I,·,. I,,•_" I !, i .. '. '. ·: I ,", '. t. I , . •} ")y . .· . 
. . ' ; "" ; . ·; ,. ", ,, ' . 
·; '('" . ,. ' . ; ' ' ._ ' . 
- following constraints: 
. . 
\ 
:.-- -·_.; ·,,_ ·. 
, . 
- ., 
1. Each- work element is .. assigned to at leas.t one work .r .. 
~----
station • 
. ~ . 
" 2.· The precedence~onstra.ints· are sa.t~sfi~d.-, 
~ ~ 
·I> . 
. . ~ - -----·---.-··,- - -- ·;--·----, __ , ... 
.. 
. 3. ·. ·The average ·output rate attained is .. at least as g:19eat as 
the desired .output• rate·. 
.. . .. . 
';' 
\ "I 
n 
... 
. ...• 
. _ -:._·_ .. ,r)l:: tf·,_: V 
· .. 
The variable work element· mode-1 repres~nts a more general state-t'<~ 
.. ·_ ,, '\ 
- metn of the line balancing ·problem and theref.ore should reflect £lie ·· 
.,, 
· · / ,,; ... · real world more closely than the deterministic model. 
" Since 0 the objective is to minimize total cost per unit, the 
"" 
,. d . total cost .. should ~t lea.st; co~~sider the following: . 
• ------., ....... -, •• -0 .. ---·--··----... ,--_,-.., _______ ~· - -
.. \." 
1. - . ' Direct Labor Cost.-- · < - . 
' 
',· ·. ,• . 
.. -_ .. :; 
: · <ri_ • 2~·-.:~ 'rnven·tory Charges~--
- ·-
. - . 
', 1" '.. 
. . ~ . . -~·· ·---·-···---=-;.:::.. ._ .. __ .. -~ .. - ., -
-----.-·· ----·--· ----··------.··-.... '> •• 
~ .. ·. . . ', 
~.' . 
. 
3. 
.. 
Facilities Costs .. 
. 
. 
·--4 .- ·.Breakdown Cost - -. _..... 
. . 
·-': ..... :·'· .. · 
:·. ., ·1"' .. , 
,, 
. '. 
. . . 
I,. . . 
. ~ . . 
·.·· 
The variable work el~ment time: model., require·s~-- a solution 
j) • 
/ 
technique which is capable _o.f simultaneously making .all ·five of' 'the 
! • . 
. J. ...... ,., . . . .. ' . . . . . ' . . ~ ·~ . 
· design <:iecisions -(stated ea~lier) using at- least ~he four co·st con- --- ·-
_s,i-derations ment·ioned above.· At -present, no sd.ch· soluti9n technique. 
Q - -------·-----
. exist5r.~~nd. the likelihood of 'the '·aevelopmeµt of such a te?,hnique ' 
' .. 
app·Eiars remote due to tne complexities of _including all ·the decisio~ 
. - . 
0. 
variables into a feasible .technique~· I···: 
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. 
~ho-uld such a technique be formulated, it .will probably consist· 
. I 
; 
. ;\ /·, 
of a combination of -present da;y techniques such as . (1) a line b9.lan-
l i 
eing --alg9rithm using variable. element times and pe~itting parallel 
stations and zoning restrictions, -(2) a· simulation module to dete~-
. mine the buffer inventory requ,_irements and verify that the produc·~~ion 
. 
--, . '.~ 
. ~ 
(/ . 
~ . 
. --requirements are met, and (3) a cost modul'e to eyal-µate th~ varj_ollS 
,· . 
. combinations· generated by the ·p.revio:us modu'ies·. 
,, Line balancing algorithm~ generate balances in a reasoria;ble: 
, . 
.· -...... 
· .. · . 
. . 
_ _ -· . -- .. ·:·~~----~ .. ·-- -·- _ _ _ _ . . ·-- ------- ----~----'•' •·· __ ---· ~-- ~-~ ---- ~:-.·-----· _____ · __ • r · -·· ·-- ;-·- _____ '__ ____ -~--~------~-· __ cc"~~ :·· .. • :... ·; __ ~c~~c-c-'--;'---c-.-~~--
. ;··~~--.. -\· amount.Of time for small· proble~sr howeve:r, the simulation runs · , · ·· 
I 
.. 
. ' 
' . .. 
' ·,. ·,4', ., 
- ·~..,,t.·.-. · .. 
,. ~ . . '... ; 
t 
' ' 
necessary to inve~tigate · whether ·or not the inclusion of in-process-
inventory is beneficial would be large· and-·--time con_suming using pi,:-e- . 
- . . , .... , . 
. . . ' 
._ ·\sent simulation methods.· .Since the t·hree modules would··'"liave to . be ·., . 
• 
' 
. , - ~- -
·, '·._ .. ··. . 
. ~- . 
} . . 
. 
. .. __ .;_ 
. ·.--.. 
.. 
•,, . ~ -,--
' \ 
(' 
~. ! 
f 
executed· in. series for each possible alternative _,:c,f ~cycle t·~rne, 
t{. \~ ·, .. ). 
. ''·., . ~~:'.''. ·. 
,., r- . .. . ~- . .-.. ~~- ,, 
pa~~lleling and buffer inventory, the technique would be extremely 
. time· consuming and too expensive at the present ti~e. 
--~·-.··.· .. ·_·  .. 
·. -:·: .'.-_:.' :··· . . ·.,'.: 
-1:-·· 
,----· 
Possible· Contributions to Line· Balancing Problem. ·-~ 
\.:As" the previou~
1
• section implies, the t.ask- of· establishing an! 
. -·---~-· --····· 
.· .assembly line comprising work elements with variable time,s could be·· ::,,,,,I;:. :_:, C 
):-o·.~ 
formidable since the pres~nt algorithms consider only a portio~ o:f 
. -
the overall problem. . . Line balancing ;technique_s and simulation_ pro-
ce·dures must now be used in an attempt'>· t9· ach_ieve a reasonable ltne 
design. Fre~an and Jucker4 indicat: that real ·contributions toward· 
.,/ ! ; . . 
the soluti.on of this p1~oblem· would be in. the establishment of usable 
'guidel:i.n~s. that woµl~ ,.lndicateJ: 
·,U.i~ 
.. _,,. 
1. A rea··sonable -·upper and lower bo1;1Dd on the v,alue. of- c .·(cycle 
' '· 
C 
time) which· must be considered .. 
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20 . Wl}.en in--p·rocess (buffer) inventory would be beneficial and· 
,. 
'" l 
where it should be locatedo 
··, 
·1 ·~ .•••.••• •.;,, 
... )c'-'"iik ,, 
. ·tt . ' '\ 
3 •. When para·11eling should be considered. 
'To the tftre·e. research a~eas .,al>ove may be added still another: 
4. When line unbalancing should be considered -~d to what 
···•1<··~-,·,·~ 
,:._ .. 
I i, degree of ·imbalance. 
The inve·stigatio~ to be repo~ted here will· consider. a variation i·."i 
of the first area of research indi¢ated above. The cycle time will 
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factors of the. element time variance. The inclusion···of · several 
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factors of t~e vatta.nce will be . analyzed in an at-tempt to 
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III PROBLEM DEFiNITION 
.. _ ........ _ 
----- T,·;;-,:111~"' • 
The reconditioning process to be dis·cu~sed and analyzed includes 
such operations as clean:1.ng, inspection,. repair, lubrication, buffing·, 
· testing, et~o· ·Due to the volume of items requi!ing reconditioning, 
the bulk of the work is pe_rforfued on lines. patterned after· ass~:mbly . --·· --·-· . .. ... . . 
. 
. 
.... 
linesQI The recon(iitioning p·rocess is divided into a number of small 
operations which in· turn may consist of a grouping of tasks. that· are 
. ~ .,._ . 
-~---
,,., ....... 
\. 
• y' 
··"""· ·,, 
, 
~---·-······· 
----·--··-•··· ··-----•·-.·""---·,-:.--
-
-------~·- •r"!""_--- - ;\·. 
-· 
. i 
l ., 
. 'j 
.... ----~-.. ----··-··-··:"--.-··.C.--:-~:--!~-~--techriologicall)/·rel-atecf or~·",woui_d-resuit .in :un~~~s~ti~lJle ,~o-ss of .... -time . 
1-t . 
,._ 
1- . i' 
-, 
~- .. I. , 
__ . ,.-·--
. 
. . . 
·-- ---------···- --
'. o. ' 
-- . if designated as, a separat·e operaticfn_ themselves • . .. ~ . ,, 
' Since t·he proc~ss under discussion is a reconditioning ·process, · - . . 
. . . 
. 
. 
-
'•' it ~s -rea-sonable. toi expect that some of the tasks included in the 
operations are not pe,rformed on e1qh ·item passing through the work · · .. ''·~~. ... • 1. ~-
stat.ions. The tasks pe,rformed may be summarized as a sequence of ' ' 
• '. 
. ---- 1· 
... 
. ·-disassemble, inspect, and repair-··procedu,rl§"·s.:· If ~he·· particula,r func- _· _· .. · 
- --. - ·---- -- --~----. -~ tion of the item being inspe_cted. does not· require repair or replace-
- ment ,- the addit-io·na·l· time- -require·d for _the···pEfr'f .. ormance -of such' a ,_ " . --
.· 
. ' 
-
' · _ ~epair is not· expended and'- the next seque~ce of t-asks is performea. 
... :1 
·This characteristic;_of all.tasks-not·b'eing pe·rformed upon.each item· '\ 
·_ as it passes,.,through the line yields a w,_ique factor of- variability ... . 
. ' 
. . . / .... : .. -a.··:--··, -- : 
.. ;_ ."' ·. . 
r:-.l·-.-
-~-
. ' 
which __ is not e~erienced in the general·· assemb-ly. line operations after 
-
-~- .· ,.··· 
' 
. " . 
_· . ( ... 
. which ·tile·· reconditioning process is patternedo .True", -there is. a· 
- - ----- - - -- -
' 
. +---1· 
,. . p 4 . 
factor of variability present. i;n both proce.sses due to variation in· 
··worker pe_rformance, but the ·reconditioning process has the additional 1 ·······-·······1. 
d 
--
·"' .. '<· burden of .. the variation due to the inc lustoti or exclusion overcoming 
of a task or ·operation ·associated with the occurrence o·f 
1
a defect • 
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Therefore, with each task there is assciciated an element time ti, as 
..J well as. a factor, f., indicating the mean freque~cy of occurrence of · . l. 
.. 
· the defecto · If f. is one hundred, the element time -is. consumed· each l. 
·time an item passes throug~ the work station to which the. operation 
I . 
I · is assigned.· Any value less th-an one hundred means- that the -time is 
. consumed only fi p~r cent·· of the -time. 
· element time. ·would therefore· be-
The expected ·value of the 
. . 
.- -
-- . 
• . , ," : , , 1 , •.~ • : .. -.- .. ~ ,_, _" '. • • ''.' 1 I' ' '' . ' • • 
·, i 
i 
I 
Ii 
I I 
~ j, 
! 
.. .. .. :,, ...... , I 
. i. 1,-.-
-- -.~ ~- -~-- -·-- ~ ...... _.,.. .. . ~-
· . . . · ·. E (t ~}~--:f i; ----x·--10"."~-· 1 ~-·, .. ·-··----a.,... .. , .... ·· ---------· · ..... __ - -·---- -~---·--- _-·~· ____ -_. , . -------- ·-· --- _:~- ___ .,. . .. -----.. · .· . i - i i . . . . . . 
The element times a,re actually rand~m variables approximated· by the 
no·rmal ·c1t~J;~:iJJ1.1tj.Qn~l. Howev~r-, the--elemen-t., times will be assumed . ---'~---·----··-;·--· - - - ~----- -- . -
. ' ' '··•· .. ..:~,-~--- ·-'' 
'' 
. 
. 
. 
--to· be deterministic values since ·the· object·ive is to analyze the vari-,4..., -··--·-·----· ....... -~ -----:-1------ ··-·•:--· 
) 
.ability due to the defe.ct occurr,ence· •. The distribution. of element 
.• Ji 
L .·-,,. 
. .. __ ,., .,, 
.. '"'''''" ......... . 
. 
-
....... 
times associate~th t~e frequency dependent opeJ:"ations is not as 
- ~ 
, .. :: ·i ·. ·clearly define-d as that of· the element· times themselves. For example, 
~-- > one operation in the. thirty..;:;one element problem ·requires 6. 84 time · 
units. However, the associated. defe.c~t occur·~ only 1q pe~ c~nt of the .. 
.4\ ' l ' : . ' 
. 
. . .. ·:t ~llle, yJ.eJ.<;ting;_~.n_ __ e.xp_ec.ted value , or mean, of : 68 time units • A -~'=··,--A-.. ·:•""-• .. _,, .... ,. .:. ..... -·.·,·--· -·--•"--••••• ..... ··~~-------·~-
,,, - . 
• - _I -.• 
f 
. (.J \ 
.. g.raph of th.e "fime distribution appears in F"c':igure 1. -Th-i-s--·,ex~mple~ t 
·. definitely is· the extreme case, .. but it exemplifies the·;t:ype of ~vari-.. ·-._:_, __ ,... . 
. \.._- . 
·l 
. \) 
' . 
. , 
/I 
'if 
. . l . 
'if . 
I 
}. : 
' 6'i •.. 
I · . 
! 
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ability which can occur during the reco~ditioning. It is ~his ty.~:-~ .. -........-:...._..:__.:___;..;.~----:i~--
. . . 
-· )_•. 
. .-.r: 
~.- ·, 
. /.".,-
....... 
. 
. 
' --- ·of variabi,lity which will be· cons.idered. .. during the. cours~- of this-:-~- r . 
discussion. 
" 
·-
' .•; .. 
The pr,ece-denc.e charts, of· ·1:h.e two sample recongit-ioning processes 
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IV: ··LITERATURE . REVIEW • 
"'"'"" A literature search did not prove ·too· fruitful an- endeavora EnQ.- . ,-. · . . (·:.: . . 
merable reports discuss ~ssembly line balancing, mostly the deter-
a • t D 
, . d '16 , 7 ' 8 ' 13 ' 16 ' 18 ' 36 
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----·-····------- - -------=-~-c.---:-=--c--... ·-:_--------· However, rel~tively -few consider_ 
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minis 1c mo e _ 
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the probabilisti~ mode123 , 2_!-~nd none. ref.er--to a model defined as 
the present problem. 
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/ · 34 Thomopoulos • His· model is classified as a mixed-model as'sembly 
-, : _problem which occurs when more· than one-·mode:1, of the same general 
' ,,,, .... ,., . 
··-···-,;···· 
.. 
. . ,product · are intermixed on one. assembly_ line. The amount of , work ,---.._ __ _ 
--· --
- ----'- c---~---'~-"-~ -'"--:- -'-- required to -assemble units can vary from model to_ model' creating an 
uneven flow of work- a,l'o~g ·the line. Considera,tion of an efficient 
. 
. 
mixed-mode}s.jassembly line entail~\ the solution to two "separate but "' 
-_ r~late<l prop lf;!!AS: · line balancing and mod.el sequences •. · Th~ method . .-// .-
. ' / . chosen by Tllomopoulos is one that- considers the total schedule for a 
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i.' whole shif~ and· as._signs ·work elements to work_ stations on a shift /// 
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/ :~; .. ,_.,'.",; .. ~;...-,-.. ~"'-·: ., . -... basis. - The -el~ment times considered 
. basis ra~ thall a cycle-time 
; . ~ 
_: ---· in -the balancing algo,;r-ithm are _adjusted by the number of each model 
I·' 
. 'i 
--· ...... -·· which will ·be produced during the shift. ~or example, if- _3n. element ---- --=---
time were designated as ;32 minutes and a total of 20 units of the • 1 ... . . .. -·i. . 
- .... model are to be produced, the .. element · time used in t~e assig~nt o.:L. 
-
operations to work stations would be 6.4 minutes, i.~., .32 x 20 = 6.4. ""'"·, .. :·: .... 
-
- The total of ·a.11 such calculations, T,_ for the~ various operatio~s --... , .. ,.,_,. _____ .,,.. 
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' during ,p time the shift per -operator which cap be devbted to the pro-
· duct ion effort, TP, yields the minimum number of operators required. 
·,~·· .... -.~ , ·-·: ,· .· , ,-· . 
. 
~-. ·.: -~~~· ----
'J;he next integer.--larger than the quotient, N .. = T/Tp, will give the 
_ required number. ..The shift cycl~--tiife is obtained by dividing the 
total production time by. the number of operators, that .. is, C · = TIN. . ..... ·-~ , 
I . ,;J • 
.- - ·-
. J 
Upon close, examination, the method discussed above is actu~lly 
-· a balance base-a upon the average t.ime of _Jill models expended at each 
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.. operation. · Consequently, if models· were permitted to - start at. the 
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first work, station in a random manner,_ it would Qe expected that·,· -on , 
.. the average? fifty per cent of the items would not b~ finished within 
-- the cycle time,.· causing .se·rio~s hold-ups of t-he· liJ;J.e, .especi~lly if 
~! 
......... , .. 
no buffer inventories were planned for tlle assembly. line. ·. The se-
/ quenc ing procedure- was· then d~veloped to provide more ef-ficient · ~ . 
__ ..... ---op~ra t ion of the lirie • Seq~enc ing · proved ben~fici.a}: _J~.n_d · was appli-
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- ... - . . . . . 
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cable since the number of each model __ to be prod.uced was, know11. The 
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. ·r.econditioning -process is. similar -to tthei mixed--tno'defl assembly problem fl''. 
' in th-at the various -combinations of defec·t s could be enumerated and 
·. considered as separate models of the same general:,. product.~ However, 
it is not p_9·ssible to identify __ before the reconditioning process 
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st~rt~ which items would fall- into the model classifications enumerat-ed. 
There£ore, it· is not possible .to sequence the items in s~ a way as 
: ... to- realize more efficient operation of tbe line, which wo\i-J result · 
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. · Variable Tim~ El-ement Line ·Balancing ·Algorithm 
. . 
-Several sources make reference to line }?~!~~<!_:i..ng _involving ___ va.ri- · "' 
, 
. ,, l - . 27 23 15, 12 d 26 . . 'd · l able e ement times ' '· o . Only _Moo ie prov1. es an actua line -- -- ·· 
C> balancing algorithm which can be· readily adapted to the reconditioning 
· pr,oblemo The: FORTRAN· program 11sting of the balancing algo)rithm was 
,-· 
· included as -an appendix in the above reference. The algorithm as .... ! \ 
.. 
sumes ·that element times can be approxi~ated by the normal ·distribution -· 
' '--....... . 
.. 
and .,the logic supporting·-~the technique is ·derived .from the property: · .. 
. '. 
I 
\ . 
ii-. 
I· 
,· 
\ . 
' . 
- --· ·-··------ ' - ---------- -- - . . -···--' . ·-·-
.. :. - .. 
. ··- -- . - -- ' 
- -----
- . ---·---------------- ~ -- -- ------
-- ~---·-----.-- ·--- - - - --···--··-: ____________ ------······--···--- - --.- ---i1----.---·-·----------------. -- --- , -----·-·-···-.---- ------. ' 
if X, arid Y are both n·ormal ,·. the·,·:distributions of· the sum X + Y is 
also normal. If an assumption of statistical ·independence between 
- . (:I' 
work elements is incorporated· into the: analysis, it is easy :to include. · 
. --: iu-w:,'<·,. 
element variance. in the line. balancing ·procedure. . Researcn~-b,- ~ ·--· · 
, ! '' 
Walker37. indicates that an assumption of independence is not Without 
D ~> 
1 . 
( . some· foundation.· Considering Figure 4,. it can_ be seen that, i.f the 
-~~--·-...... 
,.., ' 
line··is balanced'4;o the mean of the element·times, thi/·cycle time ,-··:·· ··. 
o·ver the. long r~ will ·be .. exceeded fifty per· cent of the ·time. 
·.. ..·· ['~ 
1 When both elemental-. time aver.f3.ges and time variances are in-
• ~·:····:?:· 
tJ 
· c.luded in· the balancing procedure, sele.~ted confidence levels 'can be 
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est~blis.hed fo~ the completion Qf ~ssigned wo.rk ai-·~;~h work st~ati.on~·, '' 
· · · · The allowance provided to the· operator, th·a·t is, . the difference be- · 
' ·-:.. . 
tween total_ assigne<f'time and cycle !ime ,. is dependent. upon the __ - sunt -· 
of the variances for the parttctil~r tasks assigned-to-a.~ op~rator •. ·_· . 
. The criterion of· optimizat-i.on-c-'~-G=r. an assumption of variab,le ele-
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. where N is the·number of work,
0
.stations,, i is an element of station K, ;/ :. { 
and \'., . i;:-·;Y is a constant m~ltiplier··to the -standard devtation calculat~on 
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. />i ·. ~'J: Vi (K) • For the work statioD. time, STN, to exceed C approxi-
_mately fifteen per cent of the time, a. = 1 g The value of cm. can -be 
.. obtained from· a table of areas un'der the normal curve. · Thus we 
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see that the work station time may be defined as follows: 
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the cycle time prov·ided, . a would equal two. -Figure 5 shows~ .. ,t:l}e., .. . 
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- . station time µ, • • - For some w9rk_ stations on the line, the sum of -1 ~ ,. : t• ' - : 
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.! . :~ :the. task VJlriances · Would be I large. and for others the sum of the Vari-. --.•. • ~ • • • - ~;-:a 
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-- V ·THE MODELS STUDIED 
The el~menta·1· time variability _due to. the def_ect occurrence rate -
-:,. 
is of ·:Prime concern in the design of the re~on~i tionirig . line o This. 
. 
...~"'t .. variability may be investigated from three viewpoints, namely, total 
j~b variance, incl'ividual work station· variance, and operation._;,vari-
·anceo 
.. · Jo·b Variance Model 
,,,r ~:i 1. 
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time (rounded to the nexp---µighest i.nteger) · ·will give -the minimum num= - - .... _:4:.,_.>._,'__~,.:;~----~ _,\., - ' 
her ?f, work stations required for t~e· desired cycl.: time •. The b\ance 
-generated. by using the average joo time· should result. in -the wc;>rk 
· stations exceeding the cycle time 50 per cent of the time: (mean 
-· - 6 
. ·.1 .... -... 
~ ' ...... 
. .,_ I 
, ..... .:..... ... -·· 
!~-~!' r....t'J ....... ~=-:-i-cJ" ' • ,, 
· ,_ '. 
' ..... 
~-- .,;: 
. \;' 
'::,. 
' 
'--.·. 
'- . - -
- ~-
-- .. -~ 
·• 
,,.- ... · 
·o 
.. -- - .- -- ·--:-;. 
. t ' 
t 
i 
.> 
! 
.. 
i 
·. ·I. 
.;ai 
~ 
'Percent. 
Occurrence 
.. , 
,\ 
I 
' 
'. 
·' 
6. 
34 
32 
.30 
28 
26 
24 t 
2~ 
'.20 
18 
16 
14 
12 
10 
8 
-6 
4 
2 
r 
/ 
0 
0 
c.o 
• I 
l 
~ 
! 
f 
.. 
.. l 
. ' 
b 
' 
( 
o· 0 0 0 0 0 d 0 0 0 0 0 0 0 0 0 0 0 t- 00 O'> 0 r-t "1 (Y). ~ 'U') 1-4 r-4 ~ r-4 ,-t .,-t· 
Job 
~ 
FIGURE-6. 1:; : H~stog_ram of Job 
I " 
r 
,· q 
. ' 
' 
1 
·• 
I 
7. 
, I 
I 
l . ' 
I 
I 
I 
I 
,1J I 
• I 
I 
l 
\ 
I .' 
\ 
ol 
: \ i 
I 
\ 
[ 
f 
4..; 
. ' 
r 
,' 
I 
i 
I 
.[ 
I 
-~ 
I 
I 
.,~-' 
"\ 
\ 
0 0 0 0 0 0 
. 8\1§ 0 0 _·o· ·o 0 0 :0 0 0 0 ·o· 0 0 0 tP a:-- ··•oo en 0 r-4 C\1 ' (Y) ~ U')' u,.· .·a:--. ,-t 
...-t '.r!-1 r-i C\1 N 
. C\1 l C'1 "1 C'1 "1 "1' 
Time 
Time 
. 
' . _ .. , 
Occurrence. -(3_1 Elements) _, 
i 
.· ·l" 
·" 
i. 
I 
f 
I 
r 
c-1 
J 
.. 
\ 
! . 
·/ 
, . 
Perc ..ent 
1 Occurrence· 
I. 
!, 
\I 
·I 
\' 
n 
I 
, 
3 
i 032 
30 
28 
26 
24 
22 
20 
.1 
16 
14 
~12 
10 
8 
6 
4· 
0 
I ' 
·1 
~-i 
I 
·l 
0 
0 
00 
'· 
I. 
• 
• 
0 
0 
O') 
\ > 
FIGURE 7 ).6 
. r/J', 
I / 
I-' -
I 
I 
I 
t· 
/;. 
ll 
• I 
I 
I 
I 
I I. 
" 
"' 
" 1 
0 0 0 0 0 .-t 
r-t .-t 
.Histogram 
·, . 
.. I' 
. .? 
0 o· 0 0 0 0 0 0 " .~ C\1 M 
.~ 
tr) r-1 r-1 ..... ~ 
..-t 
Job Time 
I. I 
of Job Tinie .occurrenc.e. 
.'II', 
... 
1 · 
I 
I 
·.* 
·lo 
10 
\C.O·. 
.··lr_-f 
i 
I 
I 
(3~ 
1 · 
I 
.I 
1. 
! 
:· i 
0 
0 
~ 
<.J· 
., 
Elements) 
r 
. ' 
·. 
.. o 
0 
00 
r-t 
' j 
... 
. ' 
-· 
I 
j 
. --~. ~----_ _......,,,........,.--.. =:==-"""""-=~----· --!!!!!ll!llal!!l!!!l!!J!!l!llll!!!!!!!l!I!!~-~· -=-=· ====-.. ---~~~---~~~_.__~~-.V~:>~;..,.<_~-.~,,,,_si.;~~ ... _. - -·-·-·-··. . \..;~ 
.. 
0 
r-········· 
. r 
' . 
·29 ... 
., 
elemental times are used in the balance). 
Model J2. c;, • - -~-, .• 
The second model will include one standard deviation .with· the· 
job mean, ioe., job time = µ + a.. The sum of job mean time plus 
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~ one standard deviation divided by the theoretical cycle time of 26.7 -
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· The third;-inodel ,is··tlie same as Model· __ J_~ in~all respe~ts except 
.• _.· t 
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. that a multiple of_ two is included ·~or, the -.. variance ~ac·tor, i.e., job 
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• time = µ + 2" •.. The desired cycfle time is ·c_alculated. as in Model _J2 •. 
Model J4 A 
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The final model fo~lows directly f~om its predecessors,., and a . 
2 .,\ 
', ·multiple·· of three is used for the account_ing of .the variance, · i.e. , _. ~ t. ' 
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job time = µ. + 3 a ~ 
,_ 
.;···.'"'' . ..,_ Each_· of ·the two sample problems ·will be b'alanced to the cycle .. ) ·, 
.- -~- ____ , 
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'. particular· .work station may be accumulated to yield the variance of 
J 
the work station time · (asswning. statistic.al indep/iide:Q.ce 'between . ' 
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·, ?/ ' '. 
operations) ·o. Balances which' result from using only ·th~ element mean 
·, 
' 
- \ times will therefor~ yield work stations With different ranges of 
variance. (See Figure 10.) The use .of only mean times ·cannot ef-:-~ 
· fectively smooth the variance among the work st·ations. · Even the in-
. clusion of various a. factors of· the standard deviation will not· ' . 
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work stations. A .. portion of the vari~bi.lity will be taken into ac-
count but there is no guarantee· that. the variances of the .work ·sta-
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· · · tions will be even closely aligned. 
. : .• . ., ,; .. 
" ' . Hence the model' whie-h·-,would .. conside:r ·only· wor~ statioR variance\',. 1-,} .- r. ;v ' . 
. will be aqandoned in favor of ~.oP~;;tI~n ti'.t mode1·whi(,!h.will 
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T-• l· The operation ti19e. model will consider. t·he "tnean operation. time 
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variance will be equal /·fo or less·· than the theoretical cycle time~ 
Model OP2 
• ~ 
• I This model is an extension ·of Model OPl and will include two 
. 
. 
standard deviations of the elemental t1ime variances of the operations. 
,. As was indicated earlier, more and more of the variance is being 
considered in the balance. 
-Model OP3 
, 1 ,· 
-4 
"'- . 
'I ,, 
,, 
II 
II 
I 
'i 
I 
·1'!1 .!, ,· 
' ', 
. J 
I 
. r 
I 
i 
I i·· 
In_ t~,;i.~ model_,_the __ :v_ariance-f-actor--w-i-ll~·be---~hr~~.:,--_:i_~_e_~-~,~-Qp·er_a~ _______ · ____ · ________ ---- ~---- - ..: 1 •:9 •---------~---------- - -- -~- ____ .:_ ------------ ---- ~-- ------ --- - ---~- -- ---·- ------ -- --~ " 
., . ' • 
~., I ~ • • - i 
----·-----~.-· _Cc.-~ ~ . -: .. · . . . . ' . -- . 
. • 
I . 
\: 
:-:~ 
t. l, ,, 
~ .· : 
"".j • 
·~\ 
t' 
' 
. " 
· · tion time = ,.,., + 3 <T~. I:f the operation times were nonnally d;i.stri-
buted random variab~es, the consideration of. three. standard devi-
.,, ... 
·ations would include almost the entire varianc.e. and the probability . 
• 
· of exceeding -the balance cycle time would be ·less than .0014. · ,, --. "'.i-- ,. , 
· The line balanci.ng· program ·will attempi: to smooth the w9rk , D•\\,, ' ·"'.. :,: 
'lf". 
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~ Determination of Total Job Time and' Operation .Time Variance 
~ • 
• ',"!. Since the variance of total job time and. operation 1;iJl!e have a 
'•' 
vital role in the investigation being conducted.9 the variance· for the . "' 
-respective elements had to be estimated. The distributions of the 
' ' 
. <,.) 
. . . various task times are really discrete, .in, the sense that the value,. .. 
",--·-··•\i.;;;·-····· 
-··· 
. is a combination ·of the~-e.iemental time· and the frequency factor._- From 
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spection tasks yield an· operation time. which could only be defined by 
" 
complete enumeration· of all possible- discrete values of time that 
.. . could, be con~~- TP,is would i'nvolve 'evaluating from one tO one 
hundred'and seventy-five combinations in the present problems. \ .. A FORTRAN program was written ta expedite the determination of 
!--• .. ' 
the job and ope'rat ion _time variance; A list·i,ng of t\}e program. appea_rs . 
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... .,-.··,· ----i. 
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in· Appendix A. The program utilizes a random number generator, P,ro--
·~ ~ vided as IBM Software, to sample the occurre!lce of def-ec·ts i.n· det.er-
4J. mining t_he variance. The random number~outine generates· a decimal r-~ ~""--
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" ' Operation Mean·· 
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-· --····· --- .. well as the total job mean and variancee · As can be noted, several of 
the variances are quite large due to the range o:f associated time 
value.a, i.ncluded in the operation. 
.. 
J 
Line Balance Technique 
-'O 
::,,,•. 
The line balance technique sugge_sted by Moodie26 wiil be used to 
., 
-
-
-- derive the balances __ ,for the various cycle times calcu·lated earlier. 
• l Moodie' s technique .. was chosen since it provided the means whereby the -
- . - ' . 
- ' . -
-
-
' " -
-
- --- - - - --
- -
- - ' ' } - - . 
- . - - ' _____ :_ _____ --- - ·-
-:;,·-:;-------- - · • ._- ______ -_- -_____ variance- of--the oper-a-t-ions---cou-1-d---_be-~i,nt-r~duced-"i~to---~ne-··operat-fon--t~fme------c- ·-;- _ : --- J-
~ . . 
. ·: b'. ' 
I --
, .•. i-. 
. __ _.... __ ~--- ------~-·- ·-- -··- - ··---:·---;. 
models o The FORTRAN program was easily modified to enable it to run -
I • ' 
on an IBM/360 model 50. 
-The technique assigns op.era t ions to -work stations' using -the -' 
-
' . 
. 
-, . ~ 
·;;-, 
- --• ' 'largest candidate" rule., that ~s, th~ operation possessing-- the larges·t 
element time is chQ,~en' first as -the logical. assignment to the part:lcu-
.. 
. -
- . lar work station (precedent constraints pennitting)o ·A new station 
is -added if all~: the 'operations-· le:fet to be assigned exceed the···time -- . ----·------ --- - -
--- ·_ remaini-~g _to be assigned at_ the work station under c9nside-ration. 
- ' ..... 
- ' 
• T 
The p·rocedure is_ repeated until all operations have been assigned to , 
one' of the W<i'rk station.s.~-~Tfi;:~::i1.go;·:i.t~~ then attempts. to shift opera-
, 
tions among the work- stations .in an a.ttem.pt to smooth the slack· (delay) --o; ,-\1"<' 
~-. 
time present at the variaus stations. - Delay time_ is_ the difference_ 
'-
d \ .·. 
. ) f.,. 
----- s-•·---· __ ,_, .... ::-----·-,·-
., j .... 
~ between the cycle t.ime and the eumulati ve element times at any work 
station. 'The .program tenninates when ·the balance can no- _longer be 
a-
-improved by· switching oper~tion assignments. -(See_Appendix B ~for _the - . - ,_-
--- -~~-- --~-:~k~~t:--=:...,...-_ -·· ..... ~ 
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, ..... 
Initially, the two sample problems will be balanced to the· number 
of stations_ suggested by the calculations appe~ring in, Figures 8 and 9o 
This will 'give the balances for the job time· modelso Then the elements 
will _be _ balanced anew by introducing th.e theoretic·al cycle time of .i267 
and .various factors of the variance.. This will give the balances for~· 
I 
· the operation time mode.ls. 
. ·--r 
. ~- ·. 
Simulati,.on· Techniques. 
. . 
..... 
.... 
-~ -'".----'-'---~=-=-----~---~~- ----~- -~---··-··_ ----~-. ---- .. ·-.. ---·--- --·--·--'-,_:-:--___-:--: ... ----,~-,C-·.···. ---·.·. ---·----~--~Due·-to··th·e-·f~ct ·tha:t·-·tlie~li.ne·--oalancing~·te-chn:fques are .not . capable·. 
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'; ') 0.. 
I . 
, I 
j' ; 
-~_·r- .----·-,:,--..,.....,~ -
-· •,. .. 
• > 
"(-
., f of furnishing all the information necessary to evaluate th~ resulting·· 
,1' /l \; 
· ·· line balanG~S, simu·lation must be employed. The·re are several avenuf3S 
· which may be taken i:nthis respect;_"namely, -write-~a sini:Q.+~tton.program t:r•"'.· ,-.,., ~ -,,.-.!. '_. .;,_ '· , . , · .. "' <: ,.·; .. ~ .. -~ '· ;_ , ."' .. -. , . 
,, 
in a language su,ch as FORTRAN or use a specially· designed simulation 
language such as the "~neral Purp0se Simulation Systeni" (GPSS) pro-• ---i.r 
videdby ~BM. Since the modei..would,require frequent.changes due to. 
.the different balances that would be generated, GPSS· wa~ selected due 
to· the ease in modifying a11;d adding ~-rk:. stations with minimal pro- ~i . 
.· -',":--, -. 
. , 
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. ,·i-··'' 
-·1 ~-· 
"l-.,--
-·--:--
~ ... ,,, .... ~ ' 
. .,. gramming effort r;~quired. In addition, GPs·s either aut·omatically or ,· ~~-
I 
, I 
: wi·th little' progranuning effort accumulates ma.ny of ·-·tJJ.~ stati.stics . ~ 
whi.ch are required for further analy"'sis ·and comparison. ·of, balances.".····. 
An example of · a GPSS program appears · in Appendix C. 
l· 
As each new line. setup is generated by the line balance program, .. 1/)._. 
·a.simulation is run using randomly gen~rated reconditioning jobs. . . 
. . . . . ~ 
-
Even though the line .balancing procedure --gen~:rates ~ what ap!ears to • 1·' 
be a reasonable balance, only actual simulation of the line structure 
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will give an indication as to whether the production rate is actually . -·-,,,,.,, .. ,I C) 
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. ·~· 
. ' 
.. achieved. It could be that ·the · range of· values about. the mean of an · 
operation is so large as to disrupt the ·line organization even with .... ~._-"·" 
-' ~ _ ,, ,Operation varia~ taken into account •. Further statisti,~s as to queue 
. '-.. 
~\14 
. -··-··· ' ' '/ '' ' 
' . .. ' . ' 
' 
. ' 
length and job transit time of\._ each recon.di t·ioning job are also tabu-
' ~· 
,. 
" lated~ Queue length provides an estimate( of the storage that would 
be required in the' case wliere 'crcle ~im_e was; 'eice~d~~d._duri~~ii.:•~,Ilrt~i; ' 
. . .' 
·-. 
- " 
. :- ·::,,·'. 
.-. ~ 
i. ·:-;·, .. 
. 
·41"~ ..... operation.·, Job transit time reflects-the total time a ... job has~been· 
. '. ', pt 
- - --------.. -~-- ----
.~~··· 
.---~---i-n-·-the-sys·t-em_;_:_ That is, ··tra·nsit time ~is an accumulation-of the time 
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spent in each·queu~_,. exce'pt the fi_rfl°t-~~-_and .t.he-total re·pair time con- ....... · 
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.Oil •, 
'..,. ' 
sum~-~- -~1= . ~b.~ vari OU:S ·opera.ti ons . . ··" . ·- .. -- . .. ~ 
The simulation ·model is that of-;-·a: __ series queueing.· S'ituat-ion where · 
t:qe work stations are ar·ranged in a s·erfes-~-a-nd---all reconditioning 
··-··. jobs pro~ress from the. first work station tbrough all otner stations 
in the same first-come-first ~erved · pr~iority seqqence (~ee Figµre 11) .. · 
The .queue in front o_f · the ·firs~ work ~tation iS designed so that there 
is al~ays work waiting to be processed, that is, the facility utiliza-
tion of station one is. defined to be one hundred per~ent. The queues 
-- -------,·-- - ' 
.. 
of the subsequent stations have ·no restrictions since initially the 
J 
criteria of meeting-·the required prodµction.rate -is of prime ~onside111-
· -· tlon;. If the requi'red pr?duction: rate ..... i..s realiz·ed·, · then further inves.;. ,,"::;: 
~ 
,j 
tigation considers the maximum and aven;ige queu-e size 'experienced at 
' '. 
.. 
- ~-·----·-----~-- -- --------. - - .-· 
------- -- -- --~--
- --;. ' ' - '. each -station. 
. ~ 
. ' 
The- estimated·-- storage required to accommodat~ the~ jol;>s. · , .... - __ _ 
' . 
· .which must·.be deferred due to jobs whi.ch require. timec in· excess of - - .,. "'',"·· ~- . ., .... -·- ·-- ·; . 
the planned cycle . time may disqualify a . particular balance even though.·· · 
· the production rate ;criteria is satisfied:· Thus, qu~ue '-size is a / 
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GPSS permits the use of almost a~Y :functio:0 des~d tO effect -----·- .- ···---~···-· ' . 
Jr'-, I 
,! ,, 
, . 
! 
)· 
.,., ' . 
' ~ -the generation of jobs ·:to. "be processed ·and the distribution of service 
. . ---· 
times a These functions are described ·1.n the form· of a discrete cuni.u-
.tl' ·-·. ' . lative di.stribution curvea Even with this flexibility, .it was not. • _?_ \ / 
" . deemed :feasible to utilize this f·ac·et of GPSS, sj_nce the operations 
r 
· .. > 
. 
. ).. . ' 
') . "' ,., 
,. 
at. eEJ,c];l work station· could. chan·ge i at each new balance generated. As 
the. components of the stations changed.,' tpe. cumulative distribution 
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, J r 
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cui-ve would have. ~o be estiinated anew and in~rodticed into the ~ ... :-" ,· .. ! ) 
latoro Subsequently, a FORTRAN program was written, to facilitate the 
generation of jobs for the simulator (see ·Appendix" D for program 
'.·. .:...._ 
\ ... 
·listing). 
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. ~ 
serve a: constants in the P!X)gram./~ VariEi.bleS ,i~volv~ ihe number 
of work stations and their assigl}ed operations. A sampling technique. 
/ " . 
/ 
/ 
. . - / 
identical to. the one describe,d in first part of this section is used 
.. //. 
_/ 
to generate reconditioning" jobs for the simulafi>r. ---This program con-
. ..,, / . 
. / 
/ , 
siderably expedites tlri:) preparation of jobs !o, be siniulated. Re-
//~ 
/ 
/ 
peated Simulations/are realized with jobs generated with different 
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VII O RESULTS AND DISCUSSION OF THE INVESTIGATION 
. (> .. 
The di"scussion of· the results will be separated into individual 
I_. 1,_;· comments pertaining to each of the two sample problems analyzedo 
, . 
,Furth·e·r subdivision will include the line qalances generated and the 
. ....... ~ '""''"' .. 
simulation results (Figures 12 through.26)G_ Each of the models 
't':, mumerated in ·the previous ·chapter. will be discussed individually in · 
the above forniat. 
, .. ,-} 
- -------
----'--· .- - ·.. . . . -·-
~--Tlil-rt y-one~--Eleme-ri t Probl~m -
Job Variance·· Models 
Model Jl 
.. ~. ---· .. 
~.- . 
,', 
·tion times (Figure 12) yields a very close bal'a'rice to the. cycle. time 
.. introduced into the ~alan·ce program. No ·individual operation times 
. , .•.. ·-· 
· --.-~·~=~,· .-=~-~·-.=6xceed., .. the · desfred cycle· time and the precedent constraints ,,permit an · /. . 
efficient assig~ent. of ~perti~ons to work st_ations. 
·. , The simulation outputs"' indicate that the utilization· :of the work 
" 
"· 
' ' , . 
_.....::...~i:1 -
. stations ·is quite high ranging from 1.0 for the first station' to 0.983. 
I ~ l 
' for station· number four.· Due -to the fa-ct that average tfme values 
,- were_ used to effect ·the balances, the high utilizations are to ··be 
, . 
II ·"•,If'' 
·-·-
·expected. Also the ·queues in froiit- of. each work station tend to be 
· quite · large ·and are increasing. ln· fact, the system had not ,reached 
stea<:Iy state conditions -after processing the_equivalent of fifteen 
' working days of ·reconditioning jo~s • The effect i's the result. of the · · 
" -·· -~ 
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: -1 . 
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type of distributi,Qns associated with the ·tasks making up the operations. 
··-\··· '· . 
·, 
The example given in Chapter 3 is typical of the 'repair e-lem~nt times 
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FIGURE 12& MODEL Jl: BALANCE AND SIMULATION RESULTS 
31 ELEMENTS 
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! 
· and sho,vs that the· range from the average time to -the element time 
value.needed to repair the job constitutes quite a disruptive effect 
~ 
. .~ -when_ the defect. is encountered. The balance using only average time 
n .. values does not ~dequately solve the engineers line desi.gn probl~ms -- . 
concerning reconditioning jobs experiencing ~arge operation -time 
J 
varianceo. 
.• 
. ~ The desired production rate of 300 units per day o:r 37 .5 units . .,. 
• .i 
.. ........___ __ 
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if 
~-·. 
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product ion. rate -of 36. 7 uni ts is calculated from th~ simulation 
.,.,,,.~-'"-
' 
. I 
resul.ts of -the four station line. This failure to meet minimum p~o-
./-
--~auction- requirements plus the .. ever increas1ng queues preceding the 
"' 
·. work stations disqualify this model as a possib.le· solution 'to the 
• 
-
• ••• • 
' 
• (! 
line balancing problem •. 
Model J2 
: -, G" 
" . .. 
This model which include·d one standard deviation of ·total- job 
--
time· into the determination' of the numbe;r of stations desired for 
.. 11 
··.,_. ___ ·the line yielded---~the six stat'ion ha.lance 1isted in Figure 13. 
' 
' 
A 
. .. 
. proplemAwas encountered in attempting to-- balanc,e the operations to , I . : . - . . • . . . - - - - - . ___ · ' . . • 
. ·-
, 
. 
. 
"''··. 
·.:.~J~\,-,, -~ 
: ·.t<.·,, .. 
....... 
I 
,,'•-:1'.· 
,/ 
. •.· --_,~t? l,. :,' 
; · th~ 1·calculated cycle t-imes. Iii fact the 'same problem plagued· sub~, 
--sequent balances of both the job t-ime va0riance and operation time . (it ' ' . • .. -- --~,·:··· . '. 
. -·-- .~ .' . ·,· .. ·-~ - ' -
variance models of sample problem .. number one. Operation thirty-one's 
---·- . 
. ' average time exceeded . the cycle time 9-pecif i,eq for the balance of 
--.--··---•,· ---- ---·--····· -· ··----
all models except Model Jl. In- -addition,,, the· operation· could not be ·--
- - -·-·---- - ... · <le.· .... 
. , partitioned to reduce the op.eration time within the· desired cycle 
. . 
t.ime li1:J1its. The operation was_ -subsequentrly ignored "in the remaini~ 
,: ,,.., .... • ·1-••• .: 
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' 
·- ·-,'---~ ..... ~ ... c-7·.··-·-
,. 
' 
bal.ances attempted and simply added as another station once the 
•. ,1 balances had been generated for the other operations of the proble~G 
The same operation subsequently introduced problems when it came · 
- time to simulate the performance of the lineo . If the operation was 
-
simply placed in the series as for -the previous model,· the station 
• 
A~ 
4l·: . 
. " 
- would cause a bottleneck a,tid effectively blow up the simulation 
r 
·attempts .. due· to a ·service rate far under the arriva·1 rate of repair 
lb 
•. i 
1/ 
1 ,,. 
! i. 
. -···--·-·--'c~---· .'·--. ------>~---~·,-'"--Jobs_ •. ____ .. To ... al.levia-te-thi-s----pr-oblem-, the----work· -stat-i·on-~,was·def ine-d 
I , as r · · -··· · · ~- · ············. i 
. " . 
, . .'J. 
a pa;rallel facility, tha! is, .a work. station manned b·y two operat,ions i 
.L 
., 
performing the same.task, hereafter referred to as a storage facility. 
The incluS1on of the storage as t:he last operation effectively . 
n,,.c ""-· 
,.. 
.resulted in one more work- statio_n than was indicated by the calcula- ·· 
,. - · tion~ in Figure Bo ·Therefore a. bala·nce for five stations was generated; 
.> 
... 
~ 
... 
.. P· .. • .. 
; 
Iii . ' Figure 13. · The ·first four stations _plus· the two resulting from the -
___ .. : ....• ~.:::-: ... ,,v.1, storage assigned as the last station met the design requirements. 
• 
< 
The simulation results indicated an average production rate of 
... 
· .47. 3 unit~ per ho_1J,r with av~rage facility utilization in excess of . ..,-
. 
. . . 
. 
. . ' ~ 
0.98 for ·all work stations and Oo62 f~r· the parallel facility. This-------~--·:•·· 
model appears to-satisfy· the-design criteria of production rate, 
- -- . &"· . . 
. . 
.. however, the queues· bef'_~te e~ch. work station are qui~e- large (see 
Figure 13). :' Such q~eue sizes: nonnally. could not be supported by 
- J," .. , 
···-~ .. •~c., ....... --
\ 
. 
·- ' assembly~_.line m~nufacturing of •'the ~tems in question and blocking "m=•-. 
-·-would- tend t·o lower the· utilization. of .the .·work ,stati·onso ~ 
- -·· -
The 
"/'/' 
bl_ocking effect would, prevent an operator· from passing a job to the-;:._ 
-
~-next operator if. the queue before the next operator '.s work posi'tion 
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.MODEL J2: BALANCE AND SIMUIATION RESULTS 
31 ELEMENTS 
Model J2 - 6 Stations 
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· · exceeded a spe-cified number o The queue size is a design decision 
. 
. 
. " variable whi-ch . unique to the item being manufactured and is d~ter-
l.S 
,¢~ ~ mined by the feasibility· of providing the necessary storage to limit 
blocking o - · As such it. is a question whi_cl)_Jnu_st be considered oqce a 
_., .... -, -- - , 
balance has been generated which satisfies the.design criteria and· 
consequently exceeds the limits of the p.resent research endeavor 
... reported here. 
, .. 
·\1 
11 
I 
----··---
" 
l 
I 
·t.· 
- --------· 
---~----. ·-·:-. -·---- --
--~--
- --------- --- ~-,-
-------
~~.--.. _. ~----oper~t:fon th:frty-011e further. cauae,d the .-balances of Models., - . · . / ::. 
.... , 
·· J3 and J4. to be modified from a strictly _cycle· time basis to a . :"' 
. 
. \ . 
... 
, ... ., number of ·. stations basis O Therefore, the remaining balances were ·~. ·. 
performed with the intent of-achi·eving · a balance to a specif-i"e num-ber =~' 
, , · of stations· indicated by the same calculations used to determine cycle -
- time (Figure 8). · 
. Model J3 
1.· 
L. ~"'c. --~-· •... 
The seven station: balanGe d~:picted· in Figure 1·4 resulted in an · 
.···average produ.ction•rate of 6o.5···units per hour. and average·queue 
. -:· 
·sizes ranging from 0.19 to. 48.4 units·. The simulations indicate 
• r··· 
. ~y,...e.:~--- _;-;-_:--· ·- ----~--- -·· . ~~ 
.. ·· that·~ the work station utiliza~ion is high with the lowest average-. 
value being" 0.970 and 00800 for the storage.. As for the previou~ . 
. . 
. ·models discus_sed,i the. queues. before each work station .are above 
r~asonable limits. 
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• • As would be expected when more w.ork stations are added to the · ~' "' ' . . . . . ' . 
line, the production \rate has increased' ea.ch time an additiona,l 
station has been added ·to the line balance. ,,.The current model 
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FIGURE 14. MODEL J3: BALANCE AND SIMUIATION RESULTS 
. · 31 ELEMENTS ;., 
Model J3 - 7 Stations.~· 
~ . ' 
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\ 
(Figu:re 15) exhibits an av_erage production rate of 72o2 units per 
hour which is slightly under double the design criteriao · Work 
station utilization is quite good· ranging frorrn 095.5 to 09990 As. for 
previous models· u~ing · average ·time values 1 the queue sizes are large 
and would be reduced by limiting the in-process storages with a~-~ . 
···----
. .. . 
accompanying reduction in work· station utilizationo 
.•. 
In general, the thirty-one element·problem was difficult to 
-- -- __ ._ ----- -- ·----------. 
-- -~-~ -
-
-
-- - v-
- -,.If --·--·--- --------------
- ... 
-~analyze clue to the rest.riction imposed by the operati·on whose execu-
tion time exceed_ed -cycle time in all job time variance models except 
the initial average y~lue model. The time variances of the ··operations. 
11 • 
• 
--·------ _---
_-_;-': 
··- ···o:· - - · 
-- ~ · . 
poss~ssing varia.bili ty -were qu:i.te large and tended to result. in large 
-~-,------~'-----'----:-----
-~ . 
. ... queues building up in front of· the ope~tions •. Time variance was not -· · 
. the only reason for such backlogs of work. The simulation model 
., was a simplification of the actual real world situat~o~. ·. 
Normally\, the repair jobs would not be available- to the. 11ext operator · 
' ~' ~ I in the sequ·en~e .once the preceding operator had completed his assigned - ~ ·-· 
tasks. The repair job.wou~d either have to be transported manually 
or automatically by~ conveyor to the next work station. Th~refore, 
additioµ.al, time would be. consumed during the transportation phase rJi :..,, . .11, } ·V 
. __ · which.1~buld probably· result in °a generally lower aver~ge facility '\ (i _.I j ~ i 
' F • J. ,'iji 
· ,i 'I 1// 
· 
- 'i:J1:ili~ation and queue lengths. iL.\A~L f,1 . 
.. ', ~ ·,. ' 
.J j 
• 11 \\ ( > 
· \ \!\ ·(· I 
' • 
;\ . · :::~{/~, Since only average v~l\Je#:3 were used during the determination ·of \ 1i1:~, \ . ;,p, 
\: ff 
the line balances, no real provisio11~ could be made for operation 
\ 
. 
. 
J 
>, 
. . '1 
. I . .,· 
var)iance. The job tim~ variance could be-evaluated and taken -into I . ! 
consideration in the determination of the number of stations (see \ 
\ 1,: 
\ . . \ ~. 
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--iF'J:·GURE 15a MODEL J4: BALANCE AND--SIMULATION RESULTs-
31· ELEMENTS 
,Model J4 - 8 Statio-ns. 
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- . Figure 8) . but this did not relieve the congestion at the work statfon , 
when the work content of any job exceeded the cycle time • 
. . ( Operation Varia~ce Models 
Model OP05 
0 
· This model included the cumulative operation· times- and onea:ahalf · 
. 
~ . 
' <>f th~ square root of the cuillulative operation time variance in the 
. determination of· the station timea That is, one-half of the standard 
I 
,---'----- --~-.-·_ ~-~deviati on--pius ·the-·-mean--of--·-th-e---re·s·u-1 ta:nt--_-op·era tion·-as s1grirnent-s~ are . ' 
. 
. 
. 
considered ~n the balance of the repair lineo 1n contrast to the· 
--- -----------------~ ···-
-~fob variance. models, t'he individual -v.aria·nces _ are. now taken into 
-, 
-, - . \. 
- . -
-
-· account during~~~ .. t-he line· balance phase of, _ the -study. 
, 
0 
• 
• 
' 
The resultant· bal·ance consisted of five work stations, Figure 16. 
. 
- . 
-As can be noted from Figure 16, tbe work· station utilization is less·_ 
- .. 
. , . 
Ii • ._ Q 
than that experience by the job vQ.r1ance ·models. ~owever, the 
· queues be.fore each work station are considerably less and approach. 
N 
' ' 
limits which would probably be tolerated on an actual repail' _fi"ne. 
The production rate· is slightly above the design criteria of 37. 5 
. - .,;. 
_r ' , ___ . __ ._., 
units~ 
' \.. . . 
The last operation of the problem again is causing p:robl~ms · 
I . -<--,- .. 
! ···- ----
----·---'------'-··-· . 
· in both the· balance· and the simulation phases. · The _-mean operation 
• ,•I . •' 
' 
. - time is almost ·equal~ to the cycle time desf:red for the line. As for 
. ., 
1 . 
I . the previous models, the operation" was ignored during the balaiice .- -
l' _, -
. -----···. phase and simply added as an extra operat·ion at tl].e end of the line. -
"'"' -
As such,·'i\\i t· proved to be a· bottleneck operation which caused a large· 
. queue to -build up ·. and tended to suppress. the _ P!Oduct ion ra te ___ Q! the 
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MODEL OP05: BALANCE AND SIMULATION RESULTS-
31 ELEMENTS 
- J 
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..,,.._ 
the operation would require ei-ther more than 
one operator to satisfactorily service therfacility or the utiliza-
~-· 
-
tion of second shift oper~t~ons to relieve the congestion at the last 
·'._work stationCI Fortunately, the stat'ion involved· is· tbe last of the 
.. ) 
u series queueing system .. which would make·plausible the second alterna-· 
tive mentioned above. 
Model OP! 
---------'---'-' ~---- --------,-The inc.lus±on--of-:-oJt.e 'standara--aevlation o:f -the operation times .. ~~~· 
resulted in the seven station balance of Figure 17 o. · The utilizati.on 
the facilities is not as uniform as. :for previous balanceEf:--. ·several.. ----
ope_r.a..tions. are busy on the av~rage. of 32 percent of the time-while 
others are busy 90 · percent of the timeo · This is not desirable 1:, __ :~ l{<. individuals !{Ork Within proximity 9f each other and Would .be 
aware of the uneven.distribution of work load. 
-· Of· int·erest here is _the tact that station time is Qighest for .. 
- . 
operations .which· possess the lowest ut-ilizationo The inconsis-. · . ·~ 
--·--
results from the distribution of the work content at these· . 
J w.h-i.ch are similar to the example of Figure _ l. -·The range 
- the expected operation time to t~e . actual,_. time . experienced is quite -~ 
~ ~ 
-
-large and-results in the oper~-tioris bei.ng __ assigned to an intlfvidual 
work station which is not as- busy as the engineer would likeo The, 
•. ~J inclusion of the operation variance,overestiniates the work content 
·,._~,. 
----···- .--~--~~-
- · at the"··sta·tion due to the large vairiance e:,q1erienced. 
' ·:/;'.· As with the previous_ lmode.l, .. th~. prQg!Jdl:·ion rate remains at 37 .8 · 
. due to the bottleneck operation "af the end of the ·recondition-·~·-
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MODEL OPl.:. BALANCE AND .. SIMULATION RESULTS ... 
31 ELEMENTS 
ii . 
Mod.el OPl ... 7 Stations 
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' Figure 18 represents the results of including two standard devia-
··· .. tions of t.he· operation variance~ The balance .consists of seven 
stations· as for the previous model ii hov(~V~r·, the operations are -shift-,' ·-: !?-, 
........ 
-·· 
~· 
ed to satisfy the balance criteria of meari."i.time plus two standard 
. ,<l 
i .. 
;:, > 
I 
\ 
,-i. 
;I 
· deviations o In general, the work station utilization is l~!E:!_ -~~~!1 ___ _____________ :_· ... .c..c._:. ______ .. . 
. ·--· ---·-· 
-· ·------------ ' - _~-. 
\l: 
" 
fo·r previous two ope~ation models. 
----- --
' -------- ----·------~-~ ·----- ---- - ---
Lower utilization factors are 
to be-expected since more and more slack is being included into the lo 
"' . 
--··-~ ... _ _::~-. . --··---------··-·-······-\· --·--·-'.----· . ______ ,._ ·---------
' 
------- --------------------,:r--~- . ) ·1 --,---·--- ·--··------' -'---- ·-··· ··-----··· ··-··-·· - . : ... ,--·--,, ___ _:_ __ ---- .: -· ---- -·-- - - -- -- . 
.. •·. l . I ~ balance to .reduce the possibility of:.- a recondftioning job exceeding;.,,.· 
. ,------·- .. ·-~-·" 
.. 
._· . .·. th~ Ol)er~tion c_yc;:t.e .tint{·~-Likewi~:~ the average queue ;izes are .. - -·--------,-·---..,,___,._~_~<--'-------'-.-...--,..._,._,. __ =~-=-"'--·-~---- --~=-----~- . . .. -- -~ . . .. - . . . . 
'\, 
// 
-· ·-· - I?~ 
' // · smaller· in relation to those experienced in mOdels- OP05 and OPl:.__ . 
· .. I 
·,. /· 
/ 
. // · .. 
/. 
. Model.OP3 
. "' This. last model included three standard deviations of -the· 
l ·:.--· 
I., 
·'~ operation time variance at1:d resulte_d __ in the eight station ~ct.lance'.· : ·.', -'-
... 
·of Figure- 19 .. · ~The work station utilization is. again lower than .·-...L-
.... 
. what would normally be tolerated in an industrial environment. · 'l'}ie . ;, 
i. 
~. same inconsistency of. high station time and low facility utilization · 
, . r~~ 
- .._ :· I • ·", 
· is-. shown- by t.he simulation resultf?. The reason for the phenomena is 
expre~-~ed in the discussion of Model OPl. 
· .Thirty-six Element Prg,blem 
·- _, 
. 
--· '· 
The second sample problem proved to be easi·er to manipulate· 
~-~ 
,. .. . thr.oughout the analysis. due to the sizes· of t.he operation times in·. 
rel~tion· to the cycle times attempted. In addition, the time 
variances were not as extreme (See Tables I. and II)·as those 
•• ,r. 
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BALANC~ AND SIMULATION RESULTS' FIGURE 18. MODEL OP2: 
31 ELEMENTS 
. ' .... 
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~ . Standard I)evtation = 46789 
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FIGURE 19. MODEL '''(j'.p3: . BALANCE AND SIMULATION RESULTS 31 i;LEMENTS 
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/ 
-· encountered in the first prob,lem and more operations possessed the 
characteiistic of variability than in the previous problem. 0 
Job Time Variance Models 
.{ 
\. Model Jl ,. 
.. 
. ' The: use -of ·s-tr:i.ctly average· values resulted in the five station 
balance of Figure 20~ The station times are very well distributed, 
with average utilization above· 0.990 for all work ·statio11s. The 
.. 
. .. -------·- -~- .. -~---";_-..-~-~-- •.-··:-----~---- ------··-··; 
average production rate of 38. 6 is slightly. above·· the .37. 5 uni ts· per. 
hour s·et as a design objective. -As in the first samp~e pr~blem,. the 
· system lias not ,reached steady.1state-~-and the queues are g,radu~lly_ 
,,~,· .. ,=~·-·· ,-;c·,· •• ··.·~ ........... , -. . . 
i-ncreasing. Most' likely the work s.tatron utilization will _decrease 
· once in-proce~s inventory re$trictions are imposed be.fore the decision 
to accept the ·line balance is ·_realized. 
Mode.ls 'J2· and J3 
I) . 
The two models which take into ·account the standard deviation 
· of total job· time and a: multiple·-of . two· sta~dard. deviata.~ns · resulted 
/i . 
· in a balance consisting of six stations, , Figure 21. -Each station had· 
.... ,, ...... , ....... ,, ' 
. .. ..,.. . . 
. . . /. . . 
. . I 
a.n average utilization gr.eater than O. 980 ·and on the -average had JRQ_:re.~.----· ~-, ·, ..,j 
.... 
in-process :inventory (queues) scattered throughout the system than 
. '\ · ... · ·~ 
for the previous model Jl (See Figure 20). The average product.ion 
J rate. was slightly a·bove 46 units per J1our as contrasted to the .~esir-., .,,--=-- .. --- -- ' ·• .... It' -
· ed rate of at least. 37. 5 units., 
'. ··· . 
.. 
. : . ,-~· .. f·1,1,.\~a:aT'I'" 
. '·i 
· Model J4 
This model: includes three standard deviations of. the total mjob · 
~,(,---·- '; 
" . 
. ,fl'-···' 
~-time standard deviation as weli as the mean job time·· and call for a· 
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FIGURE 200 -. MODEL Jl·: BALANCE AND SlCMULATIOW0,RESULTS 
(··· -, 36 ELEMENTS 
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FIGURE 21 o MODEL J2 & J3: · BALANCE AND SI1\WLATION RESULTS 
36 ELEiv.lENTS . , 
.,,. ... 
Model, J2 & J3 
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0 7 balance_ of operations among, seven work stations (Figure 22.) o The 5ti· ' 
( ~-,. 
' . 
. 
. ' st~tion times are evenly distributed with no obvious bottlenecks due 
' '-
----- ··- '·": __ ~: · .. ·. . 
to .. an inability "to arrive at an efficient balance. Efficiency per-
\ ... t ains to the balance delay inherent in the particular ba;B.ance solu-
•• ,I tion ·in relation····to the cycle '.time-of the prpblemo Facilityµtiliza- I I I 
I ! 
., 
- ,-' ("' tion is consistently high·;··--·-greater than · O O 98, as has been the ·exper-
' ' 
ience with the other job
1
time models considered. The.queue build..;;ups _ :re.,_, ____ ··--~-----~---·-l,-
_,_ -----··-····· ····--·----· --'---------·-·---------····-~ .--··-·'-----··-··-----·-- ·------------···· ----------~:-::-·- . ' . . ! 
----- --
- -----·-----·-----"·,-·------------
-- ------~----------
---·---·------,.--·--·-
-··-···-~--------r-------·--...::_. .:.___,__: ____ __:__ ___ -. -·· 
I 
l 
"!. 
........ ' 
r~: --· 1--~ 
1.- . 
~ --(' .... 
{,' 
are still present before each statio.n. ·It should be ·reiterated that 
the queue length tolerated ;by a system is a variable which will ·' ·-,"1 
/ 
~change depending upon the problem under .consideration. Certainly.an-~ 
·-· ·~-·· average queue- of, fourteen re·frigerators cause' more. concern by the· 
( ' 
. design engine~r· than ·fourteen subminia.ture sol.id state el.ectronic 
·modules whf.ch _ require very li tt~e in· the way of. storage f_acilities. · 
A,, 
Therefore, the -queue ·-length was not introduced -as· a parameter to be · 
investigated in this study. 
- -
. -
. . 
. 
_ The ~verage p.roduction· rate of. 53.6 units satisfies the design 
' 
· c·riteria .established by management. . It should be noted that the 
produc.tion rate ·has a distribution with its associated mean and~, 
l --variance! __ .. Although,the average production criteria of 37.5 uni:ts· 
per hour- was -established as a design cr>iteri·a-·,---there is no -reas.,J?~ 
\*:'· ··• .. \'1 . -~-, 
' why con.f idence limits could. not be established _:for the rate. 'J I 
., criteria would then include a statement to the effect that · the ~ic.tual ·: ·1_ .• 
:.. ·.!} 
.-. ... 
__ ., . .....! 
r" . production- rate should -e·xceed the design ·criteria a set percentage 
· of r,the time.~ 
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FIGURE 22e MODEL J4: BALANCE AND SIMUIATION RESULTS 
\, 36 ELEMENTS 
Model J4 - 7 Stations 
· Station - : 1 :~ ··operations Assigned 
· 1 1,9 . 
2 2,10,11,31~33,34 
3 4, 6, 7, 12 i 1_3, 16, 18, 22; 26, 28, 29, 
4 3~8,19,20,21,24 
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Operation Variance Models 
Model OP05 
'. The six station balance g,enera~ed. as a result of i,ncluding one-
half of the· op~ration ·time ·standard deviation is. displayed i.Ii Figure 
23. The balance-station time appears to' be uniform ·over the six 
stations(b Average utilization of the work stations is consist~ently 
. above . o·90 and .. the majority of the queues are within reasorj.able limits. 
However~;- the qtJeue in front of the second work ·sta_tion··rs· quite- :large· 
. 
. ,.. . 
-· 
"" ,' ,\ 
~. .· ---~ 
since the average,station time 'of.the station is greater than.that 
of its predecessor. Therefore, on the average _t~e station is receiv~ 
ing jobs faster than it· is ·servictlng them·o The average production 
rate of 44.4 units satisfies the design criteria • 
... Model'OPl / 
Inclusion of -one standard· ·deviatioif of operation variance iri-· ·r·· --· 
,, 
creases the line balance· by one station. over the balance of Model 
OP05, Figure 24. .The ,seven station balance appears to be reasonably 
-
__/ 
smooth wh~n the station times· are comt?ared. The simulation indicates---
', that the average utilization is unifo~rmly above .80 ·with' an overall --- --
,. .. 
· average of .958. Stat.ion three appears to: be ·to:rming a bottleneck . 
. since a large queue is building up· ~t :th·e .. station .. Should a limit :.~-· 
I 
be -placed upon in-proces~ ~nventory, the. stations preceding station . , 
'' 
ji..,:_ j, 
', ' 
C . 
---.--·-··--·--·-~·-··--··- . 
-----;- .three wpuld. experience ·a de~~ease in. ave-rage utilization •. · The·, ___ - .,,, 
· average productio'n rate of 49. 7 units per __ .hour is well above t-he. 
criteria of 37.5 units. 
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FIGURE 230 MODEL. OP05: BALANCE AND SiMULATION RESULTS~- -
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FIGURE 24& MODEL, OPl: BALANCE AND SIMQLATION -RESULTS 
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" . 
Model OP2 
.-T.he ba).ance, wnen two standard deviations are. c:onside~eq, con-
' I 
I 
,., 
sis ts of nine--work stations, Figure 25 ~ This "is a jump of. two addi-. 
. . ·r:-, . 
... . 
tional work stations over the prev:j.ous model. The simulations in-
dicate that none of the stations are experiencing .,,any abnormal buil<l~ .. :.:. ' ' ·.··. ""'''''"·'' 
' ... ~1 .. 
. 
•'. :: ' up of· queues which require modifying the performance. of prec·eding work · 
stations. The·average utilization. ranges from o4Ei to .97 with an 
·--.· ·------.--------:-· .... · ........ _- _'. . : . ' ·· ... -- .• :-· - . - - --- .-,--~-->.·~--- - ,-. ·~---·--ovefrall average 'c)f:,;;--:s:i·.- ··'rhe---average pr~duction rate ·of 57 .1 uni.ts 
per hour more.than ·adequately satisfies the design. cd:--it~ria. 
\ 
Model OP3 
. ~- . :-
·~ 
-----'----,-------,,,c=---~-c-o-:--' · When---t~ee st~a-~--ia-ttons-- of the··--operat'ion~· variance are· 
. ' . 
.-.;_ 
.~ 
.. 
. ' 
' . ~ 
; ... ---~--
j 
I 
,;; ' 
• 
' 
. 
.. . 
. ' ' 
. 
. l taken into account, _the ten stati(?n balance displayed in Figure 26 . 
-
. 
-
. -was generated by, the.balance technique. The maximum time difference- ---, .. 
. ' 
between the· stations is approximately twenty time uni ts which is not . ,. . . ·-·"'·· 
unusual since it is rare~y possible to a.rrive at :a perfect balance 
. ,l 
. 
·when considering·· prac_tical applications. 
""·f,-
The station utilization 
-
. ' 
• 
• I 
• > ranges from .82 to i37·, .excluding the first station which was designed 
'' to have full utilization. The overall average. of .606 ·is :further ·· 
.·. realized in a. de-creased productipn rate of 47:2 units JLS compare·d 
to -t-he previous nine station balance -and its 57. l unit production 
f,\ 
f,' ····- .• 
· rate_. · The average sizes of the queues preceding ~ach work "station 
; indicate . that the queues were· empty· a considerable protion of ""-the 
time. .. . - .. ... ..... r ·The balanced station time overcompensated for the operation 
variance so that in-process. ,,inventory was reduced to a minimum. In 
.· c0:?::J· . · !;; .. ... ,,±.~:<;r~, the maximum queue size did not exceed four units at any point 
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·. FIGURE 25. , MODEL OP2: BALANCE AND SIMULATION · RESULTS 
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FIGURE 26. · MODEL OP3: BALANCE AND SIMULATION RESULTS 
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, . 36 ELEMENTS 
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·. during the simulation.· 
.. t· 
Factors Affecting Results 
. . 
·----- - - ----~-~. 
I 
•· Several factors which· .contribute- to the overall problem of· · 
designing a production facility for- the._ recon"di tioning task will be . 
. . 
-:-briefly· d:t-scussed in the light ~f the· balance and· simu.lation. results • 
.. ·-··\f I . 
-·-----
. t"i: 
Precedence·· Constraints 
t. 
The physical ordering of the various operations toi, be performed 
- -·--impose the most' stringent .. limits upon ·the final balance gen~rated for . - ~ 
an assembly line.· · Du~ to the res.trict ions· as to which operations must 
,,. be performed. before others, .. the number- .of feasible.·-solutions of _the 
. 
. balance problem is, considerably reduce~o Oft-en a smooth balance • of 
work. among t_he work stations- is not possible due to .these precedent 
. -~··· \ . ·.- . 
constraintso This. is note to imply that the solution cannot _represent. 
·I~ .. 
the optimal soiution for the particular balance problem. 
The line balances generated for t_he: job variance mod~,ls· of both. 
.. 
sample problems do not ··appear to have been aqvers.ely affected by the 
() 
preceden~ constraints. imposed upon ei thEir···o:f the problems. The 
average ele~ent times, except notably for the single operation of the· 
I 
first sample pr'oblem, · coupled ·-with the constraints resulted in reason-- . 
. 
. . 
I 
•/ . 
I 
ably smooth balances for the various, models. In general, the line . · 
- ..... ·.. .. .. . . .. 
-··"···· ............ ;;:·:,;·;c:,;·;·;..,,,;,J:""'"""············· 
·. balances ·of· the operation variance mod~:ts faired· as···weii· except· for 
. .J..:__ . .~ 
. ' ;_ . 
., 
... ,. .. 
. . · model OPl which had a difference-. ot fifty time units between, some
1 1 
: . work stationso· 
·, Operation Variance 
J 
I 
The variance associated with-the various operations was estimated 
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--····-.r-· 
by _means of Monte Carlo simulation and are listed in Tables l and 2. 
'l'he variances are "quite large as. compared to the __ el:em.~nt __ t . .lJll~.-- ?VeJr_§ges_,~--------~-----· .. ·..C-.. . - -· -·- ·- - ,-.... -- . --· - - --- --- ---
. 
. '- . 
. especially for several oper.ations o_f the 31 element" problemo ·The · L; 
. niagni tude of such variances is due to tne distribution o·f task .. times 
wh·ich constitµJ,~ . the. various operations o· --The operation time can be / ~,-
. / 
. characterized by a discr-ete. distribution made up of the-·poss·ibl:-e-. 
r 
·-. 
c;ombinations of tasks which can occur at the stations. The estimated 
.. variance. therefore does not.-.permit · the statement of confidence limi. ts 
on operatio:t1 time as could. be stated. for a continuous normally dis-
tributed -random variable. The inclusion of vE:trious .factors of the. 
standard deviation· of OperatiOJl time does not ha;e tli.e same mean~ 
-
. 
. 
. :.-·~-~-~ ;t ' -.• 
.• I 
.. l . 
- •·--- ·- - M • 
. as ·for the continuous distribution· mentioned. Therefore, the i.nclu.-
- ----------'-----·~-~------·------ ---·----~--~·----· -------,.--· 
'. 
.. - (. sion of .. three standard deviations. into the· operati_on time evaluation 
i .. 
.. · does not imply ·that 99.87 percent of the reconditioning jobs will 
• 
•.. . ...... -1 
... 
· fall within · the stated time ov~r the long run. · This fact intro-
.... 
duces a degree ·of inexactn~ss whose inf J.-uence c~nnot be _adequately 
.. , .. ,,~.·•--·-=> ... :.~,c-.•·•··v-~~cC·-•,·•··,L~•-~:v:aluate~d as· tooi·.ts effect upon the'balances .of the operation variance,. 
modelS-i The additional fact that . the mean times ~nd the ·associated 
{ 
. 
·varia'hces were determined from- combining the two .va1ues of :recondit:i.on · ... ·-----····-~- .•. 
. 
. -
. • • . . . 
. r· ... task time and frequence of such task performance, lends ·1an air· of ,_ .... 
-----~ _;.. . 
.. -----;----:._ ________________ ._ -~·-·· ---·- ' .. -~-
, •.. 
· fluidity which makes one reluctant to make probab~_li ty· statement_s 
"'"'·' . 
without first.- simul.ating the balance an,d· analyzing t;he results. J .. 
1 ii 
'i I 
rJ 
..... ~--·~-
' Line Balance Technique 
' ., l· __ j .i 
r 
The line balance te.chnique utilized. throughout this study was 
r· 
'· the only one available which permitted the 'inclusion of operation 
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't'' .. ,,, 
. f 
. time variance into the final balance a· Th,e" technique employs the 
• ·. t' 
:"largest .ca_ndidat_e". rule for the ~nitial ·assignment of operations to 
. ' 
. ' 
' . 
. ; 
' . -.: 
. .. . '. 
.. . 
work .stations-o . The cycle time is a constant introduced into the F-' 
, •
1 
•• •• ·- - techniq~e and additional ,vork"stations are added to the balance· ~s • •• 
' 1;I 
• • 
...... 
. . . 
' .. •.·. 
I' . ~ • .•• 
. . 
_; '. 
. . . .. 
. ·, 
... 
I ·• -
. 
... 
.: . • . 
. . 
.· •, 
the·cycle time is exceeded when attempting·to assign av~ilable.opera-
. :, ·; . · tions ·to the·' work s~ation ·currently being loaded a O.nce-the~-.in-i-t-ial 
·_:.< · · :- _:assigninen~ has been compieted, the t~cbnique attempts to ·interch~ng~ 
. :-----
. ·.. . .... ".·::., .. . 
',: 
I 
I 
I j 
i j 
·. .. :. . .·• . .. ,: ' . ,. •. .... ". 
. 
. ·. . . 
. ;_ .. 
--·,----····--.---~-~~~--··-:··~,~: __ :_:~-'--o~~--:~--~·_,.or rem~ve' ··opera-tions---f-rom--t-he-·work--:st·at:1oris~~1ii~-ordej·--'to· a:rr:fve· -at a--~-~--: -: ..- ·. _: .. ~'5, . .-.·:~-----·--'.r • • ' . • 
• i 
,· 
. . . ~ .~ 
.. . ;· .': 1 •• ·. ' .... : 
·. more e·fficient bala'nce • 
- ' .... : . . . . ~ . 
·' .· ... · ·.. " . .. . 
..... . ·. 
... 
r: ... During · se.veral balance att.empts, the tecb,.nique generated one 
ddi tional work st-ation than:·was 'Ultimately needed f·or the solution. 
-
' This resulte_p in a cycling of the program which would not terminate 
-the process unless·cancelled by·a time limit·on the length·of the 
computer run attemp.ted. - To· ·Overcome such an occur.r~nce, the· balance 
.. • :.I· 
.<,' 
--
. . 
. ' ·· .. . ~ . 
'-·- . 
. . 
. 
r -
. • I • 
. -·· -a··-··-.-
c • 
Ii' had to be attempted with cycle times neighboring on' the desired cycle 1 
time and selecting the most eff-icient balance from~th9se generated. 
In addition, it would app~a,.:r_ that the final balance is q_uite 
' . 
-dependent upon. the initial assignment of operat_ions to the work 
·1~ 
· stations. This condition was brought to_ light during the attempts 
,, 
'.:.,_c.-, ........ c---·, .·• -·:·---··, . 
- to overcome the cycl'ing problem, mentiQg.~g .above. The cycle times 
: .neighboring upon the theoretical t,ime resulted in different balances ·. -~· __ _. 
' v,_.,. ... ,:f; 
-··-····- ·······- . - ---- -~-. -------- -~ - for the same·number of stations. This, in itself., i·s not an unusual 
,. 
, .. _: :.:J 
. ' 
aspect· o_f the balance problem, since ther~ .. are often more than one 
· optimal solution to such problems" ... Howe·ver, since the technique 
does not guarantee optimal solutions, . it was necess_ary to simulate 
. 
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' I' 
I 
-th1e' balances to1 effectively determine which would perform most 
• (·'_) . efficientlyo: --
,,._i,. \ ··:, .. _:,~.,..:-~}_....:, 
- If ·deter.~ttis'tic .times were' used;. the balance solution could -- f • -
1,\ ·I 
\ i ~ . ,~. 
' . provide suf~ic.~ent -info~ation ·to gauge the mo-re reasonable of tvi,o- or 
11 
, 
m·ore solutions -for the same basic problemo This did no~ prove to be 
- ,.-'-
-the case when ·dealing-_ with _ the time variance problems discussed h~r'e_. 
The most efficient solution based upon minimum qnused time in respect 
--···- . ---·· -· - -- -- - --·--- -·---- ---------- .. --------:--to. the· ·cyc-1er--tim.e--a1cr-11ot -automat:fcally give. the best operati.9n results. -
· .. _._ ... : _;;..:._· ·.· ·. 
...... ,.. 
- -, 
',\ 
- ;; 
Therefore, simqlation proved_ to be the only· effective tool for evalu-
a ting the balance solutions. 
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VIII o SUMMARY AND OONCLUS1CONS 
-, The primary objective of this study was to investigate _the 
'"-""(l·· 
employment of a computerized line · balance technique to set up a · · 
. , 
. ( 
. ' 
. ~ 
.. 
_reconditioning process line pattern~d after ·an assembly line opera-;· 
• 
!· tion8 The two- approaches studied, namely the job time variance model 
• 
'I 
~ l . 
·. and the ope!ation time variance model, were analyzed not only from ., 
· the viewpoi-nt of the balances· generated by the · computerized ·technique 
---but also from the· line performance as estimated by the· simulation of 
.. 
·reconditioning jobs· serviced by the work.stations defined. A summary 
/' 
. ,· 
"/ 
. ,I 
\ 
of the .. simulation results· appears in Figures 27 and 2,80 As seen. from - . · ·. 
. . .. ·--.-·--, ...... _--.r. " 
-these ·sununarlzed results as well as· the more detailed discu·ssion of · 
the previous chapter, the operation variance model y-ields -a more 
...:· ' 
effici.ent balance from the standpoint of realizing the es:tablished 
. -·- -· -· :'. ·-·-· ;~- - {, . 
product ion requirements wi.th tolerable in-process queues. ,.before the 
. ,' -J· 
work stations. 
:;.;,;:..••' 
The operation variance model explicitly accounts· for variance 
in work content from job to job, Where·as, the. job variance model. 
----------------- :_._ ·-- -_ ·.,.-.. ·.. . . . 
• 
' • I ' 
· attempts to compensate for this . var.iabili ty by adding additional 
work ·stations· to the, balance in an imp,lied attempt· to · $mooth the -
variance among _the work· stat :£6~~ 
· -6. 
0 . 
' ' The job va
0
riance models unifo:r:,nly experienced high station 
,.. ·,-----
·queues. which would· not be desirable· from a manufacturing standpoint., .• 
The summarized figures of average queue ~ize would seem.- to 'ind'icate--· 
.. that· the same is also true for the operati'on variance models 4D 
However, a closer inspection of the detailed·results of the last 
. , . 
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' 
chapter.would ·show th~t, the _high average is.attributed to a single 
operation which in.most inst·ances can.-be a'djuste"~ without ah. adverse 
effect upon the remaining line c9mponents I> 
'"'· In the course of this ·inve·stigation, it became apparent: that 
-~ .. 
the~ standard criteria for evaluating the optimality of a particular·. 
ha.lance solution does not ·unequivocally result in the most efficient · 
. 
. 
. actu~l line performance when the ·variance is introduced into the 
- ------- --
. ------------· ·---· . --------~ -------------
. · ... pr~blem~ . The oper-ati'oif vart·anc_e_ inherent·-1n·--the 'reconditioning pro- · _ 
cess is often localized by the precedent constraints so .that · the var-J > .• ,r,, 
•. ' .. - • {I . iance cannot. be .effective.ly smoothed over the work. stations of the··---- ~ . 
. 
. balance. · The mix of deterministic' time- .inspection tasks and . the 
variable time reconditioning ta~ks-further complicate the assignment 
-
it.' 
· problem ,facing the balan.ce -technique. A· simulation· of t·he sug;gested. t·,,,,, .. ; . ' 
•work -station-operation as$ignment must be executed in order-'to eval-· 
· .·. uate the balance in terms of .. the actual production rate realized and 
" 
· ·.·the in-pl.!'ocess queues experienced during the operation of the line •. 
In summary, t~:ts investigation Jias· found that the variable 
element. time
1 
• linJ.-, balance ~echnique of . Moodie 26 has produced a more 
;,,'"'~~efficient balance for (~he two sample problems under consideration:( 
\ 
wh~n variou~. factorfl, of' the operation. time standard deviation are 
included ·in .the work station assignment -timea. · However, the _balance•· 
. 
-solution cannot·be- implemented without first-simulating actual line 
performance to prove·-,;that the balance ·will meet design criteria set 
for·~ the line a The influences exerted by the precedent .~onstraints' 
·and the operation time variances cannot be fully appreciated withoqt 
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th& inclusion of tile simulation step·in the design proce_dµ.res 
associated with the set· up of ·such··a reconditioning processo 
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IX o · AREAS OF FURTHER. STUDY 
Line Unbalance 
Since performance times are·variable except possibly .in machine 
controlled operati·ons l) this variab-ili ty ~as an effect on the lines · 
• • 
·. operationo · Any--... operator·who consumes more time than is allotted to 
. . ' 
· his assigned· tasks affects the. operators follow,ing him in the line. 
. . -· i. 
" ' 
/ 
If he does not finish a workpiece, then no one I after him c'an work on 
.. . . 
p 
:; ---------- -- ·· ·.· : - :--.------------it. - ---The----relative position of the · operator in--respect to the other· 
- .~ ... 
' ' 
· v-opera~tors _can have a varying affect .upon line performance. If the · I --- -·------ ~------------
\. . . . . 
operator "is at the beginning of- the line, the delay resulting from . 
.. · ' ·>. ' 
.. t"1. . 
. .J 
p . 
the overation time ex~eeding · cycle .time is felt by. the entire li~e.· 
Succeeding, operators must work faster t.han usual t9 gain back the 
. . ~ . -·- .. ·"\", 
time. H9wev~r, if an operator loc·at~ed near the end of the line is 
. . . 
· · -late, the consequence~ are less disturbing, since fewer operators 
. . 
follow him. Therefore, it may be desirable to del.iverately unbalance 
' 
·. '. the line in. order to. absorb the effects of variable per£ ormance times. · · 
· ~ :start on this problem, h~s been made by· Hillier and· ·Boling. ~2 _, 
.. , 
tJnfortunately, _ the line .balancing 8:lgorithms as the term implies, · 
does . not permit dif.f eren._t 'Cycle times for the various stations. . From 
" - - __ ,! , ;,; 12 
----~he results o·f Hillier an(! Boling, · it would appear that such -a ./ 
modification should be made·to an ~xisting algorithm, .and the deliber-
-
at_e unbalanc~ _of· a1i' ac·tua1··assemb.ly line be attemptEid to .gain further 
. . 
-
·insight into this ·area.. ~-··- . 
· ... Parallel Facilities 
. . 
. •. 
During the course of the simulations it·becam~. necessary _to 
. \ . 
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,,,. 
assume that two operat<irs we!e assigned to a P~l:ticular work station 
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APPE1'TDIX.A 
,,,,,~,~······ 
Appendix A contains the program listing of the FORTRAN program 
which was used to estimate the time and operation time variance. 
The program was run on an IBM/360 model. 50~ 
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APPENDIX B 
Appendix Bcontains the program listing of the ·FORTRAN program /. 
·used. to balanee the reconditioning· lines o The program is primarily 
"the same-· as 
made 
Moodie' 26 s prog~am except that necessary changes were 
!BM/360 FORTRAN level G. The 
p·rogram was also modified to h'andle a larger problem than originally· 
planned. The programwas run on· an _IBM/360 -model 50. 
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.S l I ) ~o. 0 
TOTS(l)_ = O.O · -
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'280. o·o. 33,0 I=l,L;E 
..... · .. ··. ·. IF( Pf{,E ( I, 11\PENO) - IP END) 3'.jO, 2 yl), 330 · 
290 .()·O 320 ·M 1 ·= 11,ICEr'JD.-
. ' . '.. . '. . : 
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~ . . . . 
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. VS< N> =CANO< 2 ,r-'ll+VS f N > • · J" ... . t DO 570 K = 1,ICEND. . . . .. 
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. . . 6 a o· · 1 F < N ~ N s TAT s > 6 9 o , ·7 o o ·, 1·0 o , 
! 69Ci h!F . = NST ATS. . . . . . . 1
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APPENDIX C 
Appendix ·c contains- a listing of a GPSS simulation written for 
. ' Qhe of the balances generated in the course of this study. ~ Input 
to the simulator was generated by a FORTRAN _program (see Appendix D) 
cinto disk_stor~geo The simulator, in turn, accessed the 
I> reconditiQn-
1ng jobs and 
run 
.. 
statistics· defined. compiled the 
' The program was 
on an IBM/360 model. 50. 
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APPENDIX D 
- _--~·. _.._ . '.·.:. ...... ,.- ·-..... ·-----~. -. --rt'" ._ 
A·ppendix D contains the program listing of 
which generated reconditie>ning jobs for use 
model. The run on an IBM/360 model 
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GEN6RATE RANDOM DATA FOR S0-IfvlULATION 
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p = 0 
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CALL RANDU·( IX, lY ... , YFL.) 
. ~ IX . = · lY . \, : , 
' ; 
.. YFL = YFL.*l·oo.o 
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393 
395 
,396 
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. . . :' f"' "- . 
. .i 
. FORM AT ( l l , 1 X , I 3 , 1 X , :I 3 , 1 · X , I 5 ) . 
. TRANSACTION CARD FORMAT. ·. . , . · ... . · FOR.MAT ( I 6, l X, I 1 q, 1 X, I 3, 1 X, 8 C If,, 1 X) /, 2 0 ( 1 i ( I 61; 1 X .j / ) ) . WRITE FORMAT.S 
_:. . I· · ,· , . 
·FORMATt3A4,202A2) 
: FOR fvlA T (. 3 A 4 .t 1 0 1 A L~ ) 
F O t{ f'"1 A T ( l 6 A 1 , 1 0 0 A 4~ ) 
, . 
. . ' . . 
· FOR~lAT ( 1.6A 1 )· 
. 
. 
YT = IT'ASK(y,K,3). 
. I F .( YT ) ·3 9 2 , 3 91 , 3 9 2 
,XS = O~O! 
' ' 
DIST k l8U I.Of\J, 
\ 
I 
·,, I, 
· GO .TO 393 
) XS = SQRT(YT) 
·xAM =·lTASK(L,K,2) 
CALL GAUSS(IX,XS,XAM,XV) 
lFRECJ::: XV 
IF( I FREQ) 360,360,39~5 · 
.I.F( IFREQ:..1,00') 343,350-,350 
WRITE(3,180)'. IVAR. 
FOR fvl AT ( 1 H l , t':v A R I 'A i\J C E · L CJ G I C I NCO KR .E C T · 1 , 5 X , I 5 } 
S TlJJJ · 
. ,. 
.397u. ·WRITE(.3,rl81 ). NT,I\ITT 
. . . l 81 · F OR f'-1 A T C 1 H 1 ·;, 1, TA S K # GK E AT t: R T H /.\ t\J #. 0 F T ·ASK S 1 , I 5 , I 5 l. 
C 
··390 
STOP 
I;, 
-182. 
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.. WRITE(3,182) IT,NT 
.. ! 
·FORMA.T(lHl,'TASK # Gt{EATER THAN TiOTAL # 0 TA·SKS'•I5.,15)···· ' , . 
·. ! . 
. . . . . . l 
· 18.3 
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· WRITEt3,183)lWSTN . · ·· . 1 
· • . \ ... · · ..• 1 
·_. F.ORMAT ( lHl, 'MORE· THAN1 20 !SUBTASKS;. PER< TAS. 1 , l 5·). 
FORMAT.(I3,I9,I1·,I5)· 
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FORt,ilAT( I3, 13 )' 
FORM AT.1 ( I 3., I 3 , I 5. , I 3 , 15 ) ... 
' FOR Iv1 A T ( 2 6 l_ 3 , 2 X ) . 
F OR fvl A T (- 3 A 4 , 2 0 A 2 ) 
STO~ 
; 1 ~ t:t\JD _· 
· .\ SUBROtJT-I Nt: RAf\JDU (IX, I.Y, YFL _) 
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IC 
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--==- C . 
C 
' C 
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: I 
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. IY = lX~<65539 
IF(IY)5,~,6 
. i J 
IY = 1~+2147483647+1 
YFL = IIY . 
, YFL =· YFL::C.4656613E-9 
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.END· 
S UBROU T IiNE ·G·AUS S ( IX ,·S, A1"1, V) 
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A= O.O 
uo 50 ·1=1,12 
CALL RANDU(IX,IY,Y} 
IX=lY 
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. A = A-fY .. 
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